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Abstract

We present a defocus-dependent, quantitatively validated framework for nanosecond fiber-laser irradiation of thermally
oxidized silicon. By systematically varying the beam defocus, the on-axis peak power density i and spot diameter d
are correlated with distinct surface morphologies on SiO, (150 nm)/Si (111). Controlled scanning experiments made
with nanosecond fiber laser (IRE-Polyus ILI-1-50, wave length A = 1062 nm, pulse width t =~ 120 ns, Pulse Repetition
Frequency 50 kHz, and scan velocity v = 100 mm-s-1) reveal a continuous morphological sequence — wrinkling,
blistering, and premelting — governed by thermo-mechanical stress and interfacial adhesion. Surface features were
quantified using two-dimensional Fourier analysis for wrinkle wavelength (A = 8—10 um) and automated image
segmentation for blister size distributions (1-3 um). Point-exposure measurements yield a blister-onset energy of 0.09 J,
corresponding to a per-pulse fluence of 0.17 J-ecm2. Logistic regression with 95 % bootstrap confidence intervals with
bootstrap replications B = 2000 defines the wrinkle-to-premelting transition, producing a statistically bounded (Z, d) phase
diagram. Control experiments confirm that both dynamic scanning and the oxide cap are indispensable: point irradiation
on Si0,/Si produces only shallow (110) slip lines from substrate relaxation, while bare Si remains featureless under
identical conditions. Hydrofluoric (HF) etching verifies that the observed blisters are true interfacial delaminations. This
framework extends classical buckling—delamination mechanics to cyclic nanosecond heating and provides predictive
guidelines for precision, sub-melting laser microfabrication of dielectric—semiconductor systems.
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AHHOTALUA
Pazpaborana nedoxycHo-3aBUCHMAsT, KOJIMYECTBEHHO IMOATBEPIKACHHAS METOIUKA OOTyYCHUS TEPMIYECKU OKHCIICHHOTO
kpemHus (Si0,) BOIOKOHHBIM J1a3€pOM C HAHOCEKYHIHOH AIUTEIBHOCTBIO UMITYIbCOB. CHCTEMaTHYECKOE H3MEHEHHE
nedoKyca mydka Mo3BOJIUIO YCTAHOBUTD KOPPEIIAIIHIO MKy TTMKOBOW OCEBO# INIOTHOCTHIO MOIITHOCTH / U THAMETPOM
HATHA d ¢ PA3IMYHBIME MOP(OIOTHYECKUMHI COCTOSHUSAMH HOBEPXHOCTH CTPYKTYPHI IIeHKH SiO, TOIIMIMHOM

150 HM Ha MOBEPXHOCTH KPEMHUEBOM IUIACTHHBI, OPUCHTUPOBAHHON B KpucTauiorpadpudeckoit miockoctu (111).
B koHTpOMMpyeMbIX SKCIIEpIMEHTaX CKAaHUPOBAaHHA (IUTHHA BOJHBI A = 1062 HM, muprHa umiynbsca T ~ 120 He, gacToTa
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Defocus-resolved construction of process windows in nanosecond laser irradiation of oxidized silicon

MOBTOpEeHHst UMITYIbcoB 50 K1, ckopocTh ckannposanus 100 Mm-c1) Habonanacs HenpepbiBHAs TOCIEN0BATENHHOCTD
MOpP(}OJOTHYECKUX TMpEeBpalleHUl: CMOpPIIMBAHKUE, My3bIpEHUE M MpeIiaBieHne, — 00yCIOBICHHBIX
TEPMOMEXaHNYECKUMH HANPSHKCHUSMU 1 MeX(a3zHOii aaresueil. [lapameTpbl MOBEPXHOCTH ONPENEISIIMCH METOAOM
JIByMEpHOTO MpeodpazoBanus Oypbe (MHa BOIHBI CKIaT0K 8—10 MKM) 1 aBTOMaTHYECKOH CerMeHTaleil n300pakeHnit
(pactipenenenus pa3MepoB my3bipeid 1-3 MkMm). [Ipu TouedHOM BO3IEHCTBHN yCTAaHOBIICHA SHEPTHS Haualla ITy3bIpEHHS
0,09 Ik, coorBercTByoiuas duroeHcy oaHoro umiyibea 0,17 [l oM 2. C UCoIb30BaHAEM JIOTHCTUYECKON PErpeccuu
¢ 95 %-HbIMK OyTCTpen-I0BepUTEIbHBIME HHTepBanaMu (B = 2000) ompenenieH nepexox OT CTaAuy CMOPIIUBAHUS K
MIPEeIIaBICHHIO U TOCTPOCHA CTATHCTUYECKH OTpaHWYeHHast (ha3oBasi AuarpamMma B koopanHatax (/, ). KontponsHere
9KCIIEPHUMEHTBI ITOKA3aJIH, YTO AUHAMHYECKOE CKAaHUPOBAHUE M HAJIMYNE OKCH/IHOM ITJICHKH SIBIISIFOTCSI HEOOXOANMBIMU
YCIOBHAMM: IpU ToueuHoM oOmyuenun SiO,/Si Gpopmupyrores HertyOokue ckonbssamue gunun (110) BeaencTBue
penakcaruy MOAT0XKKH, @ MOBEPXHOCTh YUCTOTO Si OCTaeTCsl HEM3MEHHOM TpH TeX ke mapameTpax. TpasiaeHue
B TUIABUKOBOH KHCJIOTE MOATBEPANIIO, YTO HAOIIOJaeMbIe My3bIPH MPEACTABIAIOT cO00I NCTHHHBIE MeX(a3HbIe
nenamMuHAUH. [IpeanokeHHbIH TOAX0A pacIpOCTpaHseT KIACCHIECKYI0 MEXaHUKY BCITyUHMBaHHUS—/AETaMUHAIINN
Ha PeKNUM IUKIMYECKOTO HAaHOCEKYHIHOTO HarpeBa U (popMHUpPYeT OCHOBY JISI IPOTHO3UPYEMOM BEICOKOTOUHON
TIOATUIABIISIONIEH JTa3epHOI MUKPO(haOpHKAIIN JHAIEKTPUIECKO-OTYIIPOBOIHUKOBEIX CTPYKTYP.

KiioueBble c10Ba
na3epHasi 00paboTKa, TEXHOJIOTHYECKOE OKHO, OKUCICHHBIA KPEMHHN, MOP(HOIOTHICCKUE TEPEXOIbI, CTATUCTUICCKOE
MOJICJIMPOBAHHUE, MH)KEHEPUSI TOBEPXHOCTH

Buarogapuoctun

VccnenoBanue BBIMOIHEHO NpH nojiepkke Yaupepceurera KynHEH (BreTHaM) B paMKax HHCTUTYIIHOHAIBHOTO TIPOCKTa
B 00/1aCTH HayKW M TEXHOJIOTHH.

ABTOp BBIp@)KAaeT HCKPEHHIOIO 0JIarogapHOCTh KOJUIEraM i HACTAaBHHUKAM 33 KOHCTPYKTUBHBIE 00CYKICHMSI, TOJIe3HbIC
COBETHI 1 [IEHHbIC 3aMCUaHHsI.

Ccebuiaka st uuruposanus: Ty X K. TTocTpoeHne TEXHOIOTHYECKHX OKOH C Ae(OKYCHPOBAHHBIM PAa3PELICHUEM IIPH
HAHOCEKYHHOM JIa3¢pPHOM OOJIyYeHHH OKHCICHHOTO KpeMHus // HayuHO-TeXHHYeCKnii BECTHHK MH(OPMAIMOHHBIX
TEXHONOTHH, MeXaHuKU U onTukh. 2026. T. 26, Ne 1. C. 15-25 (Ha anm. 513.). doi: 10.17586/2226-1494-2026-26-1-15-25

Introduction

Laser conditioning of thermally oxidized silicon is
fundamental to microelectronic fabrication and precision
metrology where sub-melting surface modification enables
defect control and improved device reliability [1-3].
Despite extensive research on laser-induced structuring
of Si0,/Si and ultrafast Laser-Induced Periodic Surface
Structure (LIPSS) formation [4—6], the quantitative
relationship between optical defocus — hence local energy
density — and morphological transitions under scanned
nanosecond irradiation remains largely unresolved. This
gap limits predictive control and the ability to define
reliable, high-throughput process windows for oxide-
semiconductor systems.

Under nanosecond laser irradiation at a near-infrared
wavelength around 1 pm, where silicon exhibits strong
subsurface absorption and the oxide remains largely
transparent, interfacial thermoelastic loading dominates
the sub-melting regime. It is hypothesized that defocus
governs a continuous transition from elastic wrinkling to
blistering and localized premelting through an energy-
density scaling proportional to P/(Vd?), where P is laser
power, V is scan velocity, and d is spot diameter. This
scaling reflects the balance between optical energy delivery
and thermal diffusion, capturing how stress accumulation
and dissipation drive surface instability. Wrinkling
and blistering originate from the competition between
compressive stress and interfacial adhesion at the SiO,/Si
boundary — consistent with cohesive-zone buckling and
delamination mechanics — whereas premelting arises
once local fluence exceeds the softening threshold. This
interpretation is supported by evidence of gigapascal-
level stresses and thermal softening in SiO, [7], cohesive-
zone modeling of buckle geometry [8], direct nonosecond

scale blister formation [9], stress-induced thermoplastic
deformation in Si [10], and controlled interfacial melting in
the nanosecond range transmission welding [11].

Recent studies highlight defocus as an active control
parameter that redistributes laser energy and modifies
morphology in additive manufacturing [12], thin-film
deposition [11], and oxide removal [13]. However, these
effects remain qualitative for nanosecond heating of
oxide-coated silicon. Unlike polarization-locked ultrafast
LIPSS [4, 14], nanosecond pulses couple absorption, heat
diffusion, and stress relaxation, producing complex stress-
driven morphologies including wrinkling, blistering, and
local melting [15]. Earlier nanosecond studies of SiO,/
Si were descriptive and fluence-based [16], without
quantitative phase mapping.

Here, there established a defocus-resolved, statistically
validated morphology map that links the on-axis peak
intensity / and spot diameter d to wrinkling, blistering, and
premelting regimes. Combining calibrated thermography,
quantitative surface metrology, and logistic modeling with
bootstrap confidence 95 %, with bootstrap replications
B =2000, we delineate transition boundaries in the
(1, d) space. This framework extends classical buckling-
delamination mechanics into the cyclic, nanosecond heating
regime and provides predictive design rules for stable,
sub-melting laser processing of SiO,/Si and related thin-
film systems.

Materials and Methods

Substrates

Single-crystal Si(111) (KDB-10), front side polished
and backside roughened. A thermally grown SiO, cap with
a thickness of 150 nm was used.
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Laser and optics

Experiments employed a nanosecond fiber laser (IRE-
Polyus ILI-1-50, with wave length A = 1062 nm, pulse
width t = 120 ns, Pulse Repetition Frequency (PRF) =
=50 kHz, average power P_,, = 50 W) coupled to an
f~theta scan lens (lens focus /= 184.4 mm). The beam
operated in the TEM,,, mode (M2 = 1.15) and impinged
normally on the wafer. Ten defocus settings (Az =
= 0—1.6 mm) produced spot diameters from 139 + 5 pm to
519 + 15 pm at the sample plane, as summarized in Table 1.

Central temperature profiles in Fig. 1, a, along the beam
axis, were obtained using a Forward Looking Infrared
(FLIR) thermography system. These profiles show the
peak surface temperature 7,,,,, for three defocused beam
diameters (d = 139, 333, and 519 pum). The inset presents
a representative thermal image captured by the FLIR
system and used to extract the temperature cross-section.
Fig. 1, b—d displays 3D surface maps reconstructed from the
same dataset, revealing a progressive decrease in both peak
temperature and thermal gradient with increasing defocus.
Beam diameters were determined from the 1/e2 width
of the thermal profiles, consistent with Gaussian fitting.

Table 1. Measured and calculated beam diameters at different
defocus positions

Az, mm Measured d, pm Calculated d(z), pm
0.00 (focus) 139+5 138
+0.20 180+ 6 177
+0.40 2307 225
+0.60 275+8 267
+0.80 315+9 308
+1.00 360+ 10 349
+1.20 405+ 12 394
+1.35 460 £+ 13 452
+1.50 495+ 14 498
+1.60 519+ 15 512

Beam geometry at the processing plane was quantified
using an infrared thermal imaging system (FLIR thermal
camera, 3—5 pum spectral range, 12 ps integration time). The
camera recorded transient temperature fields produced by

2000
Beam Diameter d and T},
— d =139 um (T = 1900 K)
== d=333 um (Tpey = 579 K)
PR = d=519 um (Thhx =415 K)
1600 1 Gmete = T B Melting Point (T = 1687 K)
1200 1
N
-
800 A
d=139 um
d =333 um
d=519 pym
400 Ty l
ol LT VLY VP
-800 ~400 ' ' 400 ' 800
X, pm
b c d

400 400

Fig. 1. Temperature (7) field and beam-profile calibration for different defocus settings: central temperature profiles along the beam
axis (a) and 3D surface maps (b—d)
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Defocus-resolved construction of process windows in nanosecond laser irradiation of oxidized silicon

single laser shots on a matte SiO,/Si surface. The emissivity
of the surface was calibrated to 0.80 using a thermocouple
reference. The captured thermal maps exhibited circular
symmetry and a Gaussian-like temperature distribution
(Fig. 1), confirming that the absorbed energy followed a
Gaussian spatial envelope. Line profiles across the hot-spot
center (Fig. 1, a) were fitted to Gaussian curves, and the
1/e2 width was taken as the effective beam diameter d.

Defocus variation (Az) was related to the beam diameter
by Gaussian-beam propagation theory:

Az\? wd
d(Z):2WO 1+ - ,ZR:_s
ZR A

where w, is the beam waist radius and z the Rayleigh
length. For A = 1062 nm and w = 69.5 pum, zz = 0.69 mm.
The measured and predicted diameters agreed within £5 %
(Table 1), validating both the optical alignment and the
thermal-imaging calibration.

Peak power density was evaluated as I = 4P/(nd?) where
P is the average laser power (W) and d the 1/e2 diameter
(cm). The energy-density scaling parameter P/(Vd?) with
scan velocity ¥ (cm-s~1), represents the rate of energy
delivery per unit area and governs the defocus—morphology
transition.

Scan and point-exposure protocols

Laser irradiation was conducted using a galvanometer-
based scanner at a constant velocity of v =100 mm-s1.
For each defocus setting, the peak power density / at the
track center was set by the average power and measured d.
Stationary exposures (no scanning) were also performed
using the largest spot (d = 519 pm) at four intensity levels
to examine localized blister formation. The dwell time
during scanning was approximated by t,,,., = d/v and the
pulse count N = PRF"t,,;. The corresponding dwell times
and pulse counts are summarized in Table 2.

Image acquisition and analysis

Laser-processed surfaces were inspected by bright-
field Optical Microscopy with in-frame scale calibration.
Optical imaging was performed using a ZEISS Axio Imager
microscope with a 50x objective (Numerical Aperture,
NA = 0.75), providing a lateral resolution of 0.4 um and a
calibrated pixel size of 0.15 pm. Atomic Force Microscopy

(AFM) measurements were carried out in tapping mode on
a Nanosurf NanoEducator system, achieving 10 nm lateral
and 0.1 nm vertical resolution. Wrinkle quantification used
square Regions of Interest (ROI, 1024 x 1024 px) extracted
from wrinkle-rich segments. Images were mean-subtracted,
linearly detrended, and Hann-windowed before applying a
two-dimensional Fast Fourier Transform (2D FFT). The
amplitude spectra were converted to spatial frequency
(uwm1) using microscope calibration. The dominant wrinkle
spacing was obtained as

where £* is the peak of the azimuthally averaged spectrum;
the normalized width Ak/k* is quantified periodicity
sharpness.

Blister statistics were extracted from point-exposure
images via global Otsu thresholding [17], followed by
morphological opening (a disk radius of 2 px). Connected
components touching image borders were excluded,
and small artifacts (4 < 0.50 um?) removed. Equivalent
diameters were computed as

A
Deq:2 ;

Histograms (24 bins spanning 0.2-8 pm) were
generated for each exposure level; descriptive statistics are
reported later. Oxide coloration was verified by comparing
observed interference colors with standard SiO, thickness
charts [18].

To delineate the morphological regime boundaries, a
logistic regression model was fitted in the 1g 7, Ig d space,
treating each observation as a binary outcome (wrinkling
is equal to 0, premelting is equal to 1). The probability of
premelting follows

1
P expl(B + Pl + Balgd)]

Here, B, is the intercept representing the baseline
tendency for premelting, B; quantifies the sensitivity
of the transition to laser intensity /, and 3, captures the

Table 2. Scanning and point-exposure parameters

Defocus condition Spotd fﬁjgeter ,di;viudt/iffn . }1)\;11:56;51{1;?;;33; Peak p(l)/;\'rzn djnsity 1, E);E(())(silelre
0.00 (focus) 139 1.39 70 3.31 x 105 Scan
+0.20 180 1.80 90 1.97 x 105 Scan
+0.40 230 2.30 115 1.20 x 103 Scan
+0.60 275 2.75 138 7.89 x 10* Scan
+0.80 315 3.15 158 5.08 x 104 Scan
+1.00 360 3.60 180 3.27 x 10* Scan
+1.20 405 4.05 203 2.43 x 10% Scan
+1.35 460 4.60 230 1.81 x 104 Scan

+1.50 495 4.95 248 1.46 x 104 Point/Scan

+1.60 519 5.19 260 1.26 x 104 Point/Scan
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compensating effect of the spot diameter d on thermal and
mechanical loading. The transition contour (p = 0.5) defines
the boundary between wrinkling and premelting, given by

lgl=-22—Pgq. (1)

Model coefficients were obtained using Iteratively
Reweighted Least Squares. Uncertainty was quantified via
non-parametric bootstrap resampling (B = 2000); the 2.5th—
97.5th percentile envelope defines the 95 % confidence
band detailed in the Quantitative process mapping section.
This statistical framework provides a reproducible,
quantitative link between experimental morphologies and
energy-density scaling, enabling predictive determination
of the wrinkle, blister, and premelting regimes.

Derived metrics

To facilitate comparison across defocus conditions, the
derived laser-scan parameters are summarized in Table 3.
PRF =50 kHz and a scan speed of v = 100 mm-s~! yield
a pulse pitch of 500 mm~! (approximately 2 um). Lineic
energy (P,,,/v = 0.5 J-mm-1) and line fluence (F;,, =
= (P4/v)/d) were computed for P,,, = 50 W. These
average-power values are given for context only; regime
boundaries established in our subsequent phase-diagram
analysis were derived from the peak intensity /, spot size
d, and point-exposure nucleation energy E,,,.. Defocus thus
modulates both spatial () and temporal (¢4,,;, N) exposure,
governing the balance between energy accumulation, stress
buildup, and localized melting.

Results and Discussion

Overview and novelty

Laser-induced deformation of oxide-semiconductor
bilayers has long been reported through thermally driven
wrinkling, implantation-induced blistering, and surface
melting. However, most previous works relied on average
fluence as a process descriptor and treated each instability
separately, leaving unresolved how peak intensity and scanning
dynamics together control the transition between elastic
buckling, interfacial delamination, and thermal softening.

The present study establishes a defocus-resolved
process map that quantitatively links the on-axis
peak power density and the spot diameter d to distinct
morphological regimes on SiO,/Si (Table 4). Combining
calibrated infrared thermography, quantitative surface
metrology, and HF-etch validation, this work provides the
first statistically bounded phase diagram for nanosecond
scanning irradiation of SiO,/Si. The approach converts
empirical morphology observations into a predictive,
physics-based framework, bridging optical energy
deposition with thin-film mechanics.

Morphological evolution with defocus

The evolution of SiO,/Si morphologies under
nanosecond scanning is shown in Fig. 2, where defocus
serves as the single control parameter regulating both
peak intensity and pulse overlap. The spot diameter varied
from approximately 139 um to 519 pum, corresponding to
70-260 overlapping pulses per spot. At small d = 139 pym
(I=1.6-105 W-cm2), the oxide film exhibits periodic

Table 3. Derived exposure parameters for different defocus settings

s | Syt | Due e | s perspou | e, | e s e | Uiy e
0.00 (focus) 139 1.39 70 0.50 3.60 360
+0.20 180 1.80 90 0.50 2.78 278
+0.40 230 2.30 115 0.50 2.17 217
+0.60 275 2.75 138 0.50 1.82 182
+0.80 315 3.15 158 0.50 1.59 159
+1.00 360 3.60 180 0.50 1.39 139
+1.20 405 4.05 203 0.50 1.23 123
+1.35 460 4.60 230 0.50 1.09 109
+1.50 495 4.95 248 0.50 1.01 101
+1.60 519 5.19 260 0.50 0.963 96.3
Table 4. Comparison with previous studies
Feature This work Ref[16] Ref [19]
Parameter Defocus Az Fluence Fluence
Morphology map Quantitative (defocus—intensity phase | Qualitative (descriptive morphology) | Single-point analysis
diagram)
Statistics Logistic regression + Bootstrap (confidence | None None
interval is 95 %)
Mechanism Cyclic thermo-mechanical coupling + | Descriptive mechanism of micro | Threshold-based damage
hydrofluoric (HF) acid validation structuring
Process window Defined in (/, d) space None None
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Pulse distance

Overlap

50 um

K A

eéﬁ' %\a

Fig. 2. Defocus-dependent morphological evolution of SiO,/Si under nanosecond laser scanning: schematic of pulse overlap during
scanning (a), where d denotes the laser spot diameter and v denotes the scan velocity direction; optical micrographs showing
transitions from wrinkling at small defocus (d = 139 um), to the coexistence of wrinkles and blisters at intermediate defocus

(d =333 um), and finally to isolated blisters at large defocus (d = 519 um) (b—d).

Numeration: / — wrinkled surface/wrinkle ridges; 2 — triangular blisters; 3 — circular/annular blisters observed under large defocus

wrinkles oriented perpendicular to the scan direction.
The observed wrinkle wavelength A = 8—10 um, follows
the elastic buckling relation A = 2n#(E/3E)!3, where
t=150 nm is the film thickness, and £,~ 70 GPa and
E,~ 170 GPa denote the Young’s moduli of the oxide film
and Si substrate, respectively [20]. At intermediate d = 250—
350 um (1 = (3-8)-104 W-cm2), isolated triangular or
circular blisters nucleate atop the wrinkles, with median
equivalent diameter 2.6 £ 0.7 um, indicating localized
interfacial delamination. Blisters nucleate preferentially in
the central region of the laser spot » < 0.7d, where the local
intensity exceeds the delamination threshold /,,,.. The areal
density gradually decreases toward the beam periphery,
consistent with the Gaussian spatial intensity distribution of
the laser (Fig. 1). At large d = 500 pm (/= 4.5-103 W-cm2),
the surface becomes smooth and wrinkle-free, as the elastic
energy falls below the buckling threshold. The continuous
morphological sequence — wrinkling — blistering —
— premelting — demonstrates that defocus continuously
tunes the competition between stress accumulation and
thermal relaxation, a behavior not previously quantified for
nanosecond laser scanning.

Mode and material controls

Control experiments clarify the distinct roles of
scanning dynamics and the oxide cap (Fig. 3). Under
stationary point irradiation (no scanning) at d =519 um and
I=4.5W-cm2, the surface remains mostly smooth except
for faint cross-hatched slip lines along (110) directions.
AFM mapping reveals shallow ridges of approximately
20 nm amplitude, characteristic of thermally activated
plastic slip in silicon rather than interfacial deformation.

When the oxide layer is removed (bare Si), neither
scanning nor stationary exposure produces any surface
features. The SiO, film thus provides both the bending
stiffness required for buckling and the interfacial
confinement for delamination, while the moving beam
produces cyclic thermal gradients that accumulate
compressive stress. These controls confirm that wrinkling
and blistering are oxide-mediated instabilities unique to
scanning, while the slip-line structures in point exposure
correspond to substrate relaxation. This resolves prior
ambiguities where slip and blister morphologies were
conflated.

Verification of interfacial delamination

The interfacial origin of the blisters is validated through
HF etching (Fig. 4). Before etching, the features appear as
dome-like protrusions with optical interference coloration;
after etching, these domes collapse into pits, confirming
that they are hollow oxide membranes delaminated from
the substrate rather than regions of oxidation or melting. No
contrast is observed outside the blistered zones, verifying
that the surrounding oxide remains intact. This chemical
verification provides direct proof of interfacial decohesion
as the mechanism of blistering. Similar cavities have been
reported in H-implanted or thermally stressed SiO,/Si
systems [19], but here the phenomenon arises solely from
laser-induced thermo-mechanical stress, without ion
implantation or plasma assistance. The result broadens the
understanding of high-rate interfacial delamination.

Quantitative process mapping

All observations are consolidated in Fig. 5, which
presents the defocus—intensity (/, d) phase diagram
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d=519 um, /=4.5x10° W-cm?

12

0.0 0.0

Fig. 3. Control experiments revealing the role of oxide and scan dynamics: is stationary point irradiation on SiO,/Si showing cross-
hatched slip lines (@); is AFM mapping confirming shallow ridges (20 nm) (), where the 0-2 nm vertical color scale denotes the
AFM surface height (topographic elevation), 4 (nm); together demonstrating substrate plastic slip. Absence of features on bare Si

under identical conditions confirms that wrinkling/blistering require both the SiO, film and scanning-induced stress gradients

distinguishing three domains: elastic wrinkling, interfacial
blistering, and premelting. The wrinkle-to-premelting
boundary follows a logistic fit in (Ig 7, Ig d) space, with
a 95 % bootstrap confidence band (B = 2000). The phase
diagram (Fig. 5) was validated using N = 45 independent
scan tracks acquired across ten defocus settings (Table 2),

with three to five replicates per condition. The logistic
regression model correctly classified 42 out of 45
experimental points, corresponding to a prediction accuracy
of 92 %. This high consistency confirms the statistical
robustness of the derived wrinkle-premelting boundary and
supports the physical validity of the (/, d) process map. The

Fig. 4. HF-etch verification of interfacial delamination: before etching, dome-like blisters with interference coloration (a); after etching,
blisters collapse into pits, proving that they are hollow, delaminated SiO, membranes rather than melted or oxidized regions (b)
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Fig. 5. Defocus—intensity (/, d) phase diagram showing the experimentally determined transitions among wrinkling, blistering, and
premelting. The dashed curve represents the logistic boundary (95 % bootstrap band, B = 2000), and the dash—dot curve denotes
the blister-nucleation threshold. Shaded green region (104 <7< 4-104 W-cm2, 300 < d < 520 um) represents the stable wrinkling
window suitable for controlled submelting surface texturing

blister-nucleation boundary is derived from the classical
energy-balance criterion for interfacial delamination:

oh
Ef =T (2)

where o, is critical compressive stress in the oxide film
(Pa); £ =150 nm is SiO, film thickness; E,= 70 GPa
is Young’s modulus of the SiO, film; I';,, ~ J'-m2 is
interfacial adhesion (fracture) energy between SiO, and Si.
Substituting these values into Eq. (2) yields a critical stress
of 6.~ 0.9 GPa and a corresponding nucleation intensity
of I, = 4-10* W-cm2, consistent with the experimental
blister onset near a spot diameter of d = 333 pm.
The transition from a featureless surface to wrinkle
formation occurs at a peak intensity of approximately
1= 1.4-10* W-cm2 for a spot diameter of d = 519 um
(Table 5). Together, these boundaries define a stable
wrinkling window bounded below by insufficient stress and
above by delamination or melting. Unlike earlier fluence-
based maps [21], this quantitatively grounded diagram
relates observable morphology to measurable physical
parameters (/, d, v), providing a predictive basis for sub-
melting laser processing [22].

The process window is governed by four physical
constraints. At low intensity (I < 104 W-cm2), the thermal

stress remains below the critical value (6 < ¢,.) and no
buckling occurs.

At high intensity (/ < 105 W-cm~2), the local
temperature exceeds the softening point of SiO,
(T> T,,1)- The blister-nucleation threshold appears near
I=4-10* W-cm2 when the energy-release rate G surpasses
the adhesion energy I, causing interfacial delamination.
In addition, the spot size d modulates stress accumulation:
small d leads to higher pulse overlap and greater residual
stress, whereas large d promotes thermal relaxation.

Mechanistic interpretation

Each surface point experiences 70-260 overlapping
pulses separated by approximately 2 um, producing cyclic
heating with AT = 400-600 K. The thermal-expansion
mismatch between SiO, and Si (Aa = (2.5-3.5)-100 K1)
induces in-plane compressive stress

E;AaAT

(o) .
1 *V/

A3)

For the thermal-expansion mismatch between SiO, and
Si and the measured temperature rise (A7), the resulting
biaxial stress in the oxide film is only 6,,;¢ien = 0.10—
—0.18 GPa, using E;= 70 GPa and v,= 0.17 (Poisson’s
Ratio of SiO,). This stress level alone is insufficient to
reach the critical delamination threshold (o, = 0.5—
1.0 GPa for I';,,,= 0.3-0.8 J'm2), Eq. (3). The observed

Table 5. Experimental thresholds vs theoretical predictions

Transition Experimental Theoretical / Derived Ref.

Wrinkle onset I=~1.4x10*W-cm2 (at d =519 um) | Critical compressive stress 6, ~ 0.1-0.9 GPa (onset of elastic | [20, 22]
buckling)

Blister onset Ly = 4%10* W-em 2 (at d =333 um) o [9, 23]
FromEq. (1): —=T,,=15Jm?2—c,~ 0.9 GPa

2E,
Premelting I>1x105 W-cm—2 T~ 1700 K (softening of SiO,/Si interface) [15,25]
Si melting 1>2x105 W-cm—2 T,=1687K [26]
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blistering therefore results from cumulative multi-pulse
effects: residual compressive stress from oxide growth,
cyclic ratcheting over 70-260 pulses per point, and local
adhesion weakening assisted by gas desorption and
interfacial pressure. These combined factors raise the
effective compressive stress above the classical single-
pulse mismatch value, enabling interfacial delamination
without requiring unrealistically high AT (> 2000 K).
When this stress exceeds the elastic limit, wrinkles
form; progressive heating and interfacial gas release (O,,
H,O desorption) weaken adhesion, leading to blisters;
at higher intensities, premelting disrupts both oxide and
interface integrity. This hierarchy of thermo-mechanical
instabilities — buckling, delamination, and melting —
captures the dynamic interplay of optical, thermal, and
mechanical effects in nanosecond scanning. The results
extend classical static-buckling and fracture theories [23,
24] to the dynamic regime of cyclic nanosecond heating,
quantitatively connecting process parameters to stress
evolution.

Conclusions

This study establishes a quantitative and physically
interpretable framework for laser-induced interfacial
instabilities in oxide—semiconductor bilayers. By
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