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Abstract

In semiconductor manufacturing, wafer surface defects are characterized by small scales, weak fea-
tures, and susceptibility to complex background interference, which leads to high miss-detection
rates and insufficient localization accuracy in traditional object detection methods. To address
these challenges, this paper proposes a YOLOv11-based wafer defect detection algorithm integrated
with a Discrete Wavelet Transform (DWT) feature preservation mechanism. This method intro-
duces a WaveletConv module at the downsampling stages of the backbone network, replacing con-
ventional strided convolutions with two-dimensional discrete wavelet transform to achieve multi-
frequency decomposition and structured representation of feature maps. Specifically, the input fea-
tures are decomposed into low-frequency global components and high-frequency detail compo-
nents in horizontal, vertical, and diagonal orientations. This approach accomplishes spatial downsam-
pling while effectively preserving edge, texture, and local mutation information crucial for tiny de-
fect recognition. Furthermore, through a channel-wise fusion strategy, the multi-frequency infor-
mation is jointly propagated to deeper network layers, enhancing the model’s representation and
discriminative capabilities for subtle defect features, thereby mitigating performance degradation
caused by high-frequency information attenuation during traditional convolutional downsampling.
Experimental results demonstrate that the proposed method achieves superior detection perfor-
mance compared to baseline models on wafer defect datasets, exhibiting significant advantages in
tiny defect detection rates and localization precision. The study reveals that introducing wavelet-
domain multi-scale, multi-frequency feature modeling into object detection frameworks can effec-
tively improve the model’s perception capability for microscopic defects in complex industrial sce-
narios, providing novel insights for high-precision visual inspection in semiconductor manufactur-
ing processes.
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HrASTE, DWT HA S 5R 23 0] - B2 J5 i ae /g, BRIt SE IS & A TR AE AT R S R A RRE 1 R 4514 [ 7]

X T i B SRR AL 25T 5, TSNS B RN A5 55 SCEAS B LR R A B AR A0 20
TEERE R, A NG B 2RI LGN . R E NS S bz . 2T, %SG
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A5 KE SR ZE VIS A%, SO RRTRARFEE, B 1 B2 2 55 5 5T I BeR AL
G KBTS T RFE, 5 5 S0 A e S AR 5, T 500 Ji5 58 00 28 X1/ e i DX 3 FR) SR AE
REJJ. NI, ASCHETMEHTPIL stride = 2 N RAEGERE )y WaveletConv, LARE SRR 2 S 44 7/
FERE ST, [EIREHIESM T E I

B LA T RFERT B NRFAE N
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Figure 2. Architecture of the proposed YOLOv11 with WaveletConv
& 2. Bh& WaveletConv BIZUH YOLOvV11 [4ELE#
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KAl Al 7 e 5 I LR AR O — 8. XA T B T M Re S I 5 B A AT WaveletConv X
TR T O B e s, i FE AR S5 MR R T

T EFRH M2, WaveletConv 5 stride = 2 S HUE A AH A 1) 2 A FRRFEAE %, PRt 24adt J5 1) backbone
A neck 5 detection head HIFI AR EXT NI R, REL 5 YOLOVI1 L% 45 My sl o8 e, iX— W
THORIE T 700 B R I 5 A e St A S nT A7 1, 08 g 2SS PR R 2R B Y 5 e AR Y
FRAL 7 RLA
. RRWTESHH
3.1. BIEEWE

ARSCSEHR A TFE WM-811K i [ SREEE S ST R B0 . 12008 S50 7 22 Fh g 704 5 sl g 82 2,
A A% 40 0 sz Tl 5 [ 13 I R o LS B AR TS o B RE BT B AR AT B AR AT 55 ek A IR, AL
B ERZEAIARZE N None FIREAR, AU ORBE H 008 fE (Center) . BIFABRFE(Donut) J& 310 2 5l (Edge-Loc) 14
SN B[ (Edge-Ring) JR HBELRHE (Loc)~ BENLELRHS (Random) XIIJR B¢ (Scratch) LA M 3T 15 57 B ffa (Near-full)
8 MM G FEA, FT-He) a s R s P U S B0 B W 2 o & SRR PR I TE SR AE A AR G TS B 1.

Table 1. Common defect types on wafer surfaces
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DNARAE SEBGPPAS ARG, AR ST A HE 0 2 AR D DK 5 S X 0 I R . BRAE SR AR, Efl
WEN 7:2:1. FERF R, RS R AR ARTEAR R TP A —2  BLR/NEII o A e ot
SIGEE R . ST WM-811K Hdf 4 s AN [RGB 28 AR A B B AR TE — AN, ASCHE AR B
SR U 18 5 5 /D0 B R AR B R AE AR 45 A 1) SIS 2 A2 AN T8 1, AT i T A 28t/ A AR SR o 8 7Y
(222188 1. NIERE YOLOVIT W48 (1 N B SR IR IR 2 5 T P4, BT REARTES N W48 T 4t
—4ETHE 640 x 640,

3.2. IWMBESBLHEE

ARSI BT VR 5 ST HEQE PyTorch 2.0 54, Zwf2iE S M54 Python 3.9, CUDA WAN 12.0. fi
17 & K H Intel Core i9-13900K A4bHE #% A1 H5k NVIDIA RTX 4090 GPU., A5 B NT S5 HITAL, A
SCIEHL YOLOVL T AENIEERARY, FEAE IR EA Rl WaveletConv HIBGEEMZS . o fRiE SLe 25 R H
AT, FRZRARTY 55 AR R85 78 AR R ECRE A PR 55 T 58 B RS R

TEN RN T T, BN BB RS — ¥ 640 x 640, YIZR4E . IESE AR AE 12 IR 7:2:1 I Hu )
BEAT RIS o IR Bk FH SGD MRAL SR AT S 8 0, W86 % 21 F W08 0.01, ZhiE RERN 0.937, L
IR BN 0.0005, IR AR 528 K SRIE X 27 ) FR AT B A D AL S I ZR 48 B 300 Epoch,
Ik K /IN(Batch Size) BN 320 8 s AR A SR R R AR A0 A =y 8 T 25 P 8l iR B R g, IR A Aok H
Mosaic HUH 1G58 Bl ALEN 5% DL K Bl ATLAR 755 g s [RIAE, BT WM-81 1K H4f 4 A 351 7 28 R AR 43 A
AN ) R, 45 G /D B A R A 7 G 20 AN P R AL SRy sz i o B B LA A
WA 025, AEWKEIHINMS) ) ToU BIE A 0.45. A, NFEAREEHLRIAE 0 X S206 45 11 T4,
ARSCK BEMLFP T [ 2 8 42, FRAEAHFI R B NI E A S 3 Ik, AL RECEIE . B ERE VRN 4R
5K FH A B 22 (Precision, P). A& (Recall, R)F1 mAP@O0.5, LL%E & B A R iy A6 I A e v 15 5 67 A
7o

3.3. XWEEHERGH

ma ElFRPER LS R

ISR T HR T VEALE b B SRR AT 55 b (A R, AR SCHE WM-8 11K Hidfa 4 Fonf R 454 YOLOv11
5lf WaveletConv (e RFE AT 1 0T ELs88, BEARKS I SE R an e 2~4 K& 3 Ais.  HUSARTEAN 3845
ATLLEH, 51\ WaveletConv Ji, A mAP@0.5 H1 0.897 $2F+ 2% 0.935, #2517 3.8 NE 7, RHT
PRITERESAE S — LW B T A AT b B SRR ML RE . S LRI, SR I Precision. Recall 2
BEIRIR AL 20 BT ARSCINEAUNS ETF P28 NSRBI AT B0k, DR e L BE 1Y &8 e 68 4 B B T A
TR T R B BE T (R G 5

AN [F) R B R0 PR DN 45 SRR, AR ST VR T AR B S R i A R R P A TH BB D B 2 . LT
5, Edge-Loc 257 AP H1 0.739 #2712 0.850, MEy 0.111; Scratch 255 H1 0.759 &7 % 0.860, HGifiE
79 0.101; I, Random. Loc Al Edge-Ring —ZRER[A K AP 53 HIF2 T T 0.047. 0.043 F1 0.044. X
B, WaveletConv HEHBEAE 7E 3= X 28 T RAF I A% o B A5 Rl O B -5 B B R0 2 DDA G IR ey SR 2%+ S
SUHR 55 S A A R, AT 3 iR ARE 2R /N e o AR 52 0 LR s ) SR AIE R

%fF Center. Donut Al Near-full Z=2RTE &N EE . XX Fa e HBEEG, SUlalfE AP ZEA{R
FE—20, ULBAR SO IELE SR T PR 8 A WU 1 RE PR TR B, o ) S5 A5 B ) 5 R 2l s I A e ko 25
HKE, G WaveletConv FIEE YOLOVT W28 7E R ARG I BE AN PR MR e 1R 501 B 70 5 TR A T 28
BERY, BOAIE 1 AE T RAE R BTN B U N o AL IR B S A 0 .
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Table 2. Ablation study results of the wavelet transform module

% 2. VRTRERERM TN ER

Sl L
iy P (%) R (%) mAPO.5 (%) ZHEM)
Baseline (YOLOv11) 89.4 86.2 89.7 32
Ours (YOLOv11 + DWT) 92.1 90.5 93.5 3.85
Precision-Recall Curve r Precision-Recall Curve
1.0 1.0
o L —— center 0.995 —— center 0.995
G L ~—— donut 0.988 ~—— donut 0.988
—— edge-loc 0.730 —— edge-loc 0.850
—— edge-ring 0.866 —— edge-ring 0.910
o8 =  coser 0.8 — 10c0890
—— random 0.833 —— random 0.880
= scratch 0.759 —— scratch 0.860
—— near-full 0.995 —— near-full 0.995
06 —— all classes 0.877 mAP@0.5 0.6 — all classes 0.935 mAP@0.5
s 5
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Figure 3. Precision-Recall curve comparison of YOLOv11 and the proposed method on the WM-811K dataset
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