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Photoacoustic study of KrF laser heating of Si: Implications for laser
particle removal

Sergey |. Kudryashov®
Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida 32306-4390

Susan D. Allen®

Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida 32306 and
Department of Electrical and Computer Engineering, FAMU-FSU College of Engineering, Tallahassee,
Florida 32306-4390

(Received 3 May 2002; accepted 8 July 2D02

A photoacoustic study of KrF laser heating of Si has revealed that the dominant mechanism of
acoustic generation is thermoacoustic with a considerable contribution from the concentration—
deformation mechanism at laser fluences below the Si melting threshold of 0.5 Mgon Si
melting the contraction of the molten material contributes significantly to acoustic generation. At
fluences above 1.4 J/@maser ablation of the molten layer enhances the amplitude of the
compression pulse and diminishes that of the rarefaction pulse. The results of photoacoustic
measurements allow optimization of experimental conditions for dry laser particle removal.
© 2002 American Institute of Physic§DOI: 10.1063/1.1503859

I. INTRODUCTION complicated: Although a general analysis of the vibrational
surface response for laser-heated matefialdluding semi-
conductors is available® its application to the optimization
of experimental conditions of DLC has not been reported,
especially for DLC with excimer lasers, which are widely
used for this application.

In this work the vibrational response and basic acoustic

Dry laser cleaningdDLC) is a well-known technique for
micron and sub-micron particle removal from critical sur-
faces, e.g., semiconductor devices, lithography maélesd
high density memory devic€sAlthough DLC is frequently
described as resulting from the pure thermal “trampolihe
or “hopping” effects’ occurring during thermal expansion of eneration mechanisms were studied for clean and dry Si
a nanosecond laser-heated substrate or an absorbing parti fers heated by a KrF laser using a “direct’ contact variant
respectively, a variety of optical, thermal, acoustic, mechanibf PA spectroscopy with detection of acoustic transients at
cal, thermochemical and mass transport phenomena are 9805 rear side of the sample under stédy
erally involved in the DLC proceds* and detailed under- '
standing of DLC mechanisms is still lacking. Il. EXPERIMENT

PhotoacoustidPA) spectroscopy, photodeflectidnﬁ’l_)) The beam of a 248 nm, 20 ns KrF excimer laser
spectroscopy, and infraredR) radiometry are recogmzed (Lambda Physik, LPX 210was ’apertured in its central part
methods for é?hse study of p_hotothermal phenomena in ConBy a 1 cmwide v;artical slit and was focusdd=8 cm) on a
s e sy e sraon s L5 T ick 00 wafer o ol ncience. T s

q s dy the \ 1l resp - 'beam has nearly rectangular and Gaussian fluence distribu-
Si surface upon visible laser irradiation, exhibiting the uni- . . ; : oo
tions in the horizontalX) and vertical(Y) directions (see

polar temporal vibrational velocity profile characteristic of insets in Fig. 2 with characteristic dimensions of=5 and

e ot tore o e ater oractioear e 4= L mim, respectvely. Laser cnery2 Jpulsa=350
Y after the aperturewas attenuated by calibrated color filters

v_vavelength, _and puls_e Width’. maj[erial properties such as Op(_Corning Glass WorKsand was measured for each pulse by
tical absorption, ambipolar diffusion, and the thermal diffu- splitting off a part of the beam to a pyroelectric detector

e oxaitod commomtstor ourface layer 6.0, S sonmactiggeniee ED-500
Yer, €.9., Photoacoustic studies were done with the Si wafer at-

preceding its expansion at 1064 nm laser wavelength eXCit"’Ea\c:hed to the front surface of a fast 1.5 mm thick, 8 mm wide

; _ o 9-12
tion due to electron—hole plasniBHP) excitation,™*may acoustic transducefPZT ceramic, effective bandwidth of
3-30 MHz, 3 mm protective brass djsky means of a thin

be observed as bipolar or multipolar vibrational velocity
layer of vacuum grease, providing acoustic contact between

transients, "2 all of which can strongly affect the DLC effi-
ciency and can make particle removal dynamics much MOThe wafer and transducer. The relatively large laser spot
on the wafer surface provided PA measurements of a

¥ permanent address: Institute for High Energy Densities, Joint Institute of/ibrational velocity in the near acoustic field

High Temperatures, 127412 Moscow, Russia; electronic mail: s ot : :
sergeikudryashov@hotmail.com, sergeikudryashov@chat.ru (2/Z4x~0.1), where the CharaCte”fs“C diffraction length,
bAuthor to whom correspondence should be addressed: electronic maifdifir ™~ TX0y/4Za~30 mm, and the distancg,. that sound

sdallen@mailer.fsu.edu travels during the laser pulser(full width half
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FIG. 1. Experimental PA transients at different laser fluent®s0.18 (1) 2
and 0.44 Jicrh (2), (b) 0.67 (3) and 2.5 J/crh (4). The arrows show the F (chm )

operational time window for the acoustic transducer determined by echoes

and the PA signal delay in the acoustic delay line. FIG. 2. P omp and P, values as a function of laser fluenBe Insets: ()
temporal intensity profile of the KrF laser measured with a fast photodiode,
(b) Gaussian distribution d¥,q in the Y direction.(Note thatP ;om,andP e

maximum~20 ns, is equal to about 0.2 mm for the Si lon- PoiNts overlap aF =2.5 J/crf).

gitudinal acoustic velocityC,[100]~8.4x10° m/s!* A

LeCroy 9360 storage oscilloscope triggered by a fast silicon

photodiode was used to simultaneously record PA transients ~ -1 V2 | _~ 172

delayed by 1.1us due to the protective brass disk and tolil:fne}p’ls\',;:i ;OBL"E"D m;:({c; L:D a(nl?jrﬁ)m érlz_aTth((aXoT;tic’al

measure laser p_ulse energy using the photod|ode. The ex bsorption coefficient at 248 nm, EHP ambipolar diffusivity,

mer laser was triggered manually in a single-shot mode by Biffusion length and characteristic recombination time, ther-

pulse' generatof.Stanford Research Syst'ems DG _}3351-. mal diffusivity and thermal diffusion length for solid Si, and

specnon.of irradiated spots was made with an optical MICTO et depth, respectively. In this regime PA transient pressure

scope(Mltutoyo WH)? . . #D(t) follows the time derivative of the sum of the weighted

Typical PA transients, representing temporal profiles of yeformation stressop = — N, and temperature-induced

acoustic pressuré(t) [or vibrational (interface velocity, stress 0'T=+K,8(T)(T—300)e ,in the laser-excited near-

wip(1) ] for diﬁerent_ regimes of acoustic excitation at the free surfac’e layer of S,including éontributions from the tensile

boundary of the Si wafer for a laser fluenéeof 0.027-2.5 < upon meltingr,,= — |K 6,,], and recoil ablative pres-

Jent, are presented in Fig. 1. Within the operating time g, o b ) ‘wherek is the bulk modulus of solid Si§is the
Wlndc_>w of the. QCOUSU(’? tranSQUc@he first 300 nk these deformation potential,3(T) is the strongly temperature-
t_ranS|ents exhl_blt promment bipolar wave forms Where,thedependent thermal expansion coefficient, Adis the EHP
first, compresslomposmve pulse cqrresponds f[o expansion density, according to the expression
of a laser-excited near-surface region of the Si wafer and the
second, rarefactiofnegative pulse corresponds to contrac-
tion in the region resulting from cooling at the end of the  p({)~ 1d(oplotorlrt onlm
laser pulsé€. The bipolar profile of the PA wave forms re- C dt
corded is characteristic for the thermoacoustic regime of
acoustic generation at a free air/Si boundabyt its asym- To consider quantitative changes in the vibrational ve-
metry over the whole fluence range shows pronounced influlocity of the PA compression and rarefaction pulses, which
ence of other acoustic generation mechanisms known for Sgre proportional to the corresponding acoustic pressures
i.e., the nonthermal concentration—deformation mechanism .om, and P .. (Fig. 2), their amplitudes were multiplied by
(contraction of Si due to a laser-induced BEP'2 melting  factors of about 1.25 and 1.1, respectively, to account for the
[contraction 6= (AV/V) ], 1% and laser ablation at diffraction effect in the acoustic near field f@fZ i ~0.18
higher fluences when Si damage occtirBroadening of the It should be noted that the correction factors may differ sig-
wave forms by 3—4 times and diminution of their amplitudesnificantly near the characteristic threshol@selting, abla-
occur because of dissipative losses~20 dB in the 3 mm tion) because the surface size of the molten or ablated region,
protective brass diskspecific acoustic absorption coefficient i.e., the size of the corresponding acoustic source, is very
of brass at a frequency of about 10 MHz equabt@/f~7 small at laser fluences just slightly above these thresholds.
x 10" ® Hz"t*m™ 1) and reflections at all interfaces in the An iterative deconvolution procedure was applied to the
acoustic delay line. diffraction corrected fluence dependenciesRyf,{F) and

For the nanosecond laser pulse width in this work anP,{F) to take into account the averaging Bf,mp andP
acoustic generation regime on a free Si surface is quasistati@lues over the Gaussian laser fluence distributieig. 2
due to the acoustically “thin” energy deposition depth insej in theY direction at the maximum fluende

+Pan((t). (1)
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FIG. 4. Qualitative temporal behavior of acceleratay, vibrational ve-
locity vy, , @and displacemert,;, , of a laser-excited Si surface calculated by
integrating and differentiating an experimental vibrational velocity transient
at a fluence of 0.44 J/dn(below the Si melting thresholdextrapolated
beyond the acoustic transducer operational time window marked with ar-
rows.

FIG. 3. Diffraction corrected and spatially deconvoluteg,,, and P
values as a function of local laser fluenEg. showing the characteristic
regions |-1V(left axis); maximum surface temperature of Si as a function of
laser fluencé (right axig. The Si melt temperature is marked with an arrow
on the right axis.

ISP(FIOC)W(FIoch)dFIoc
ISW(F|OCIF)dF|OC ,

P(F)= )

. sities and thus effectively decreasing these temperature- and
ZW(ch,F)dch: erf(Y,) —erf(Yy), plasma-dependent weighted stres@ese the numerical esti-
F1 mates of these parameters beJoiwhe contributions of ther-
£ moacoustic and concentration—deformation mechanisms
J W(Foc,F)dFoc=erf()=1. ®) seem to be comparable, producing the asymmetrical bipolar
0 wave form of PA transients with lower expansion velocities

The contributions to the tot& ompOr Pyarevalues from spots -~ @nd higher contraction velocitigsf. Figs. 1a), 2 and 3 due
with different local fluencesE,.., have different statistical © the considerable negative contribution of the
weightsW(Fo.,F), determined by the error function for the concentration—deformation mechanism. This effect of EHP
Gaussian fluence distribution. Starting from tRevalue at ~May also be illustrated by the acceleratiap,(t) and dis-
the minimumF=F,,., each nextP value at higherF is placement,;,(t) transients in Fig. 4 calculated by differenti-
calculated using the already known values at lower fluencedting and integrating, respectively, the experimental vibra-

thus replacing both integrals in expressi@ with the cor-  tional velocity »(t) transient at a laser fluence of 0.44
responding sums. Jicnt with the assumption of the absence of any acoustic

signal before the arrival of the laser-generated acoustic pulse
at the transducer at 1.1ps and rapidly decreasing,,(t)
after t=1.45 us. Vibrational wave forms outside of this
Several distinct features are observed in the resultarttansducer operational time window were reconstructed us-
PcomdFiod) and Py dFioc) curves(Fig. 3): (1) monotonic, ing the above assumptions as shown in Fig. 4. The bipolar
nearly linear increase d?om,and P, values atF,<0.4  shape of the Si surface vibrational velocity response at low
Jlent (region )), (2) a sharp rise OP compandP 4at 0.4-0.5 fluences,F,:<0.5 Jicn3, is apparent, as is the additional
Jicn? (region 1), followed by (3) a dip of Pcomp @nd a si-  small minimum ofz,;,(t) and maximum ofa,;,(t), resulting
multaneous increase &, in the range of 0.5-1.4 J/&dm from the significant concentration—deformation contribution
(region lll). Finally, a sharp rise P, takes place at a in this fluence range. This behavior differs from the unipolar
nearly constanP . for Fo>1.4 J/icn? in region IV, corre-  vp(t) and the corresponding step-likg;,(t) and bipolar
sponding to a visible spark and damage to the Si surface. a,(t) profiles obtained from photodeflection studies mea-
In region |, there is a quasilinear growth Bf,m, and sured on the same time scale with a visible laser pump
P,are With increasingF . consistent with literature data for pulse® but are very typical for the Si vibrational velocity
both IR and ultraviolet(UV) nanosecond laser heating response with expansion/contraction and contraction/
experimentS~3 The relatively low vibrational response in expansion cycles in UV and IR spectral range$ respec-
this region results predominantly from the nonlinear depentively, illustrating the need for introduction of the
dence of thermal and deformation stresses on temperatuos®ncentration—deformation contraction effect into the one-
and EHP density, resulting in highye, values at moderate dimensional thermal expansion model previously used to de-
temperaturegdue to the thermal conductivity of Si scaling  scribe DLC of S Considering the poor DLC efficiency in
as k~T~1) and at moderate EHP densitiédue to longer region |, the relatively low vibrational response of Si in this
lifetimes and diffusion times for EHP at lower plasma den-fluence range does not provide, apparently, optimal condi-

Ill. RESULTS AND DISCUSSION
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T IS NP thermal conductivity of solid Si was taken as 1.58
3000[F,, (Jem’): } (a) Foo Ulem): 5 (D) X 10°T~ 12 W/em K,*® while the heat capacity, optical re-
;_81; " 6%31; 4 l flectivity R, and absorption coefficient at 248 nm were as-
—_ 3-022 £ |3 02 sumed to be constaft.99 J/cmi K, 0.6, 1.65<10° cm™* for
X 4-039 o la-036 the solid and 2.4 J/chK, 0.68, 1.8<10° cm™* for the liquid
£1000}5 - 0.52 1o 4ts. 0:52 phases of Si, respectivel}?*°In contrast to similar calcula-
7 6-0.91 A tions in the visible wavelengtkindirect band gapregion,
7-14 s the optical properties of Si in the ultraviol@tirect band gap
8-23 22 region are not strong functions of temperature. These ap-
proximate calculations give reasonable estimates of the sur-
300 - 0 s face temperatures for the onset of Si meltifig,= 1689 K
0.1 1 10 100 01 1 10 100  region Il and ablation( T~ 3.6x 10° K,* region IV) con-
t(ns) t (ns) sistent with the observed behavior BfomdFioo) and Pare

X (Fioe) curves shown in Fig. 3. The close agreement of the
experimental and calculated melting threshdlg®.5 J/cn?)

is probably a fortuitous result of counterbalanced tempera-
ture dependencies of the optical and thermal properties of
solid Si near its melting point that were not included in these

tions for cleaning applications, but further PA experimentscalculations. _ o _
Finally, the relative contributions of thermoacoustic, de-

with higher temporal resolution during the pump laser pulse

FIG. 5. Calculated transients of Si surface temperatairand EHP density
(b) shown in order of increasing fluence. The plateagaincorresponds to
the Si melt temperature, 1689 K.

would be desirable.

At 0.4<F,.<0.5 J/lcn? (region ll) the nonlinearity of

the Si thermal conductivity and EHP lifetimes/diffusion
times on temperature and plasma density, respectively,
ducesL 4, Values considerably,

both Pomp and P, Values(Fig. 3), while maintaining the
asymmetric bipolar wave form of the PA transielfgy. 1(a),

curve 2. As the vibrational velocity strongly increases in this
fluence range, this regime of Si laser heating, obviously,

would be most important for DLC of Si surfaces.

In region Ill, a simultaneous decrease ©f,,, and a
sharp increase d? . appearing as the strongly asymmetric where  is the EHP characteristic recombination time and
wave forms[Fig. 1(b), curve 3 seems to result, as shown L is the EHP diffusion length, assuming an efficient Auger
elsewheré?*3from Si surface melting and consequent Sirecombination process witly~4x 103 cnf/s and negli-
contraction,f,,~10%, at fluences of 0.5-0.75 J/¢for the
248 nm wavelength and a laser pulse width of about 28 ns. radiative recombination for polished Si wafér®When 75
The interface vibrational velocity during the acceleration~(yN2) ! and Lp~(D7g)¥? are substituted in this ex-
stage, which is approximately proportionalRg,,, remains
nearly constant over the range of 0.5—1.4 Fcwhile that at

the deceleration stage is significantly enhanced by contrac-
tion of the material during melting. Nevertheless, this regime
of Si laser heating is not of practical interest as Si melting is

normally highly undesirable in DLC applications.
The laser ablation threshold of Si at 248 nm is 1.3—1.5At laser fluences of 0.1-0.5 J/érand a fixed EHP diffusiv-
Jicn?, > where the boiling point of S{T,,;~3.6x 10° K)*
is assumed to be achieved. It is not unexpected that we olvalues are: 7gr~10"°-108 s, Loeg=Lp-1-5 wm=L+
serve at fluenceB,.>1.4 J/cnt (region V), that thePom,
value exceeds that &¥,,,. due to the additional compression [cf. Figs. 3, 5, and &]. Using the Si bulk modulukK
recoil pressure of ablated produc¢tg. 3). In this region a
visible spark appeared on the Si surface during laser irradiaand deformation potentiaf=8 eV, respectivel§;** compa-
tion and a shallow crater was observed on inspection of theable magnitudes of the weighted thermoacoustic and defor-
Si wafers with an optical microscope after multiple-shot ex-mation stressesgy =01 p XLt p/Ci7, are obtained10°

posure.

Maximum temperature at the Si wafer surfakcg,s and
its transients were calculated as a function of laser fluenceneasured PA amplitudeg=igs. 2—3 reproducing the in-
Floc Using a high-order implicit schemestim” " to solve
the nonsteady-state thermal conduction equation witiThe estimated weighted deformation stress, seems to be
temperature-dependent parameters of the Si solid and liquidearly constant over a wide fluence range, in agreement with
phasegFigs. 3 and &)]. The temperature dependence of the P, behavior in Figs. 2—3, becautg ando values scale

formation, melting, and ablative mechanisms of acoustic
generation were analyzed in regions I-IV and the corre-
sponding vibrational velocities,;,(t) were estimated. In re-

rglion |, the total internal stress is= op+o¢ [cf. Eq.(D)]. In
resulting in a sharp rise oforder to evaluate the deformation stregs= — oNgp, esti-

mates of a EHP density have been made at different laser
intensitiesl .(t) with a laser radiation quantufiw according
to the expressidh

(1-R)ljp(t) 7/

fL(ULD ’ (4)

Ner(t)~

gible rate constant§10?’cm/s and 16 Hz) for surface and

pression, one can obtain a self-consistent expression for the
time-dependent quasistationaxy,, value

/(1_R)|Ioc(t)
Neh(t)w ﬁa)\/D_’y .

®)

ity value D~ 20 cn?/s2° typical EHP and thermal parameter
~1-2 um, Ngi~10 cm 3, 1%29AT=(T—300)~ 10°-1C° K

~10'" Pa, thermal expansion coefficieft~4x10 % K1

— 1@ Pa over the fluence rangd&he estimates given in Fig.
6(b) are qualitatively consistent with the experimentally

crease of the thermoacoustic contributiorFgt>0.3 J/cn.
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FIG. 6. (a) Calculated EHP diffusion lengthy, thermal diffusion length
L;, and melt depth_,, of solid Si as a function of laser fluence beldfor
Lp andL+ valueg and abovéfor L) the Si melting threshold, respectively.
(b) Estimated absolute values of weighted deformatiomy=op
XLp/Cy7, and thermoacoustio} = o X L1 /C7 stresses as a function of
laser fluence below the Si melt threshold.

as N_' and Ng,, respectively[cf. Eq. (1)]. Estimates for
transient PA pressure and vibrational velocity yidi{t)
"’G'(t)Ldep/Cﬂ"’lOS—l(ﬁ Pa and Vv|b(t)~P(t)/pC|
~0.01-0.1 m/s, respectively, for the solid Si mass density
equal to 2.3 g/ch'* in good qualitative agreement with re-

sults of previous photodeflection measurements of Si vibra

tional velocity?
In the fluence range of 0.5—1.4 J/efnegion Ill) there is

S. I. Kudryashov and S. D. Allen 5631

Taking into account the rapid rise &,y at this fluence
value and previouB(t) estimates in region lll, an estimate of
P.pi(t) amplitude yields about Y0Pa. Although laser abla-
tion has a high acoustic efficiency, the removal rate is low,
resulting in a shallow crater even after exposure to tens of
laser pulses.

IV. CONCLUSIONS

In conclusion, the basic mechanisms of acoustic genera-
tion in Si heated with 20 ns KrF laser radiation, namely,
thermoacoustic and deformation mechanisms as well as
melting and ablation, have been studied. The photoacoustic
transients had bipolar temporal profiles exhibiting multi-
cycle acceleration/deceleration dynamics of the air/Si inter-
face. The optimal laser fluence for dry laser cleaning of criti-
cal Si surfaces, corresponding to a relatively high vibrational
response of Si, has been determined to be close to the Si
melting threshold of 0.5 J/chn
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