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Role of a native oxide on femtosecond laser interaction
with silicon (100) near the damage threshold
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Si (100 with and without a 14—25 A thick native oxide was laser machined at grazing incidence
using a Ti:sapphire femtosecond pulsed laser under ultrahigh vacuum conditions. The resulting
damage feature size and morphology indicate that the presence or absence of the native oxide
significantly affects the mechanism for femtosecond laser-induced damage. We propose that a
fluence-dependent modification of the oxide by the incident laser pulse must be considered when
studying femtosecond laser damage of 150 with a native oxide. Data are also presented that are
consistent with a dose-dependent phase transformation in the amorphous oxide. The implications of
the native oxide, including relative damage thresholds of the underlyifi08i and the role of the

oxide in damage morphology are addressed2G®5 American Institute of Physics

[DOI: 10.1063/1.1946916

Silicon and bulk SiQ have been frequently used to the UHV chamber and studied using a scanning electron mi-
study femtoseconds) laser-induced damaglé%oln the case croscope(SEM) and an atomic force microscopgdFM).
of Si, a wide body of work has been created that addresseSelect samples with native oxide machined in air were stud-
the ablation threshold and the morphology of ablateded using optical microscop§OM).
regions%“"gUntil recently?'llthe great majority of this work The SEM images in Fig.(b), 1(c), and 1d) show three
was done in air or under low vacuufup to 10° Torr), and  fs laser machined features produced with seven shots of
little attention was paid to the omnipresent native oxide of Sivarying pulse energy on a sample with surface native oxide,
(100. In order to address the role of the native oxide, wewhile Fig. 1(e) shows a laser machined feature produced on
have performed a series of multiple-shot fs laser damagatomically clean S{100) under the same conditions used to
experiments under UHW1 X 1071° Torr), where the pres- produce the feature in Fig(ld), with a slightly less fluence.
ence or absence of the native oxide could be directly conThe outermost feature visible in the imagee arrow in Fig.
trolled. 1(a)] was only found on samples with native oxide. We des-

Samples with native oxide were prepared with an initialignate this feature as the outer ring. This ring of damage is
degreasing scrub, followed by acetone, methanol, and deiof@cated outside the central damage region of the feature and
ized water baths. Atomically clean samples were etched wit§urrounds a region of apparently damage-free material. Dif-
a buffered HF solution prior to insertion into UHV. The re- fraction effects have been ruled out as a source for these
sulting surface hydride was removed by heating samples t8Pserved features. The ring feature has been observed on Si
900 °C***3Low-energy electron diffraction and Auger elec- (100 samples laser machined in air under similar conditions
tron spectroscopy were performed on the samples prior tir boths- andp-polarized laser pulses. o
laser machining, indicating the removal of native oxide and  The damage presented in Figallhas three distinct sur-
the formation of a well-ordere® x 1)+(1x 2) surface. face morphologies that occur in well defined regions. These

All samples were laser machined with a Clark-MXR regions follow the elliptical fluence contours of the incident

CPA-2001 Ti:sapphire pulsed laser, which operated at 1 kH£aser pulse. The feature shown in Figcjlhas two mor-

with an average power of 780 mW, a central wavelength Oﬁholodgiss, xvhille Fig._r(rt]i) shows onlyfone molrphglogy pro-
780 nm, generating pulses150 fs in length. The laser was uced by the laser. The presence of particular damage mor-

p-polarized and directed onto the samples at grazing inCiphologies is determined by the peak fluence of the incident
dence, such that the beam made an angle of 75°—85° with t ulse, and the number of pulses used to produce the feature.
sample normal and produced elliptical ablation features on € sharp_ness qf the poundanes betwe_en different mor-
the sample. The focus beam produced a typicalculated phologles is consistent with the sharp ablatlon' and modifica-
based on éssumed Gaussian beaffiptical area at focus tion fluence thresholds observed when using fs pulsed

lasers:*
2.5-7.5x10* cn? (x0.5x 1074 cn¥), where the error re- -
flects the precision of the incident angle of the la@d1.5°) The central damage feature in Figal corresponds to

X ! : the greatest intensity of the Gaussian beam. AFM analysis
and measured beam diame{e500 um) prior to focusing.  (not~ shown for brevity indicates a rough depression

Once the samples were machined, they were removed from_20 nm signifying the removal of both the native oxide
and the underlying SiL00). In this spatial region, we assume
¥Electronic mail: jpmcdona@umich.edu that the fluence of the laser pulse is greater than the damage
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FIG. 2. Gaussian fluence spatial profiles superimposed over relevant fluence
thresholds(a) Peak fluence of pulse at center of pulse greater than damage
threshold of SiQ, resulting in features like those made with peak fluence of
0.320 J/cr shown in Fig. 1a). (b) Peak fluence of pulse less than damage
threshold of SiQ but greater than SiOmodification threshold, resulting in

no material removal at the center of the feature, as in the feature in(€)g. 1

%c Peak fluence less than the modification threshold of,SEDt greater

than damage threshold of §L00), resulting in a pitted elliptical damage
feature, as shown in the SEM image in Figd)l

FIG. 1. SEM images of elliptical laser ablation features on(1%i0) pro-
duced with seven laser pulses at peak fluences sh@vReature produced
with peak fluence of 0.320 J/&showing pitted damage ring surrounding
undamaged Si and a central damage crater. Arrow indicates outer dama
ring. (b) Image of inset from(a) showing detail of pitted damage ring,
central damage region and intermediate undamaged re@joReature pro-
duced with peak fluence of 0.220 J/¢pulses showing only ring of dam-
age surrounding a relatively undamaged regiaip.Feature produced with
peak fluence of 0.130 J/dmpulses showing pitted damage regite). Fea- )
ture produced on atomically clean 100 with 7 laser pulses of peak area of the undamaged 800 surface between the central
fluence of 0.290 J/cfn Notice the absence of any damage ring feature. ~ damage region and the ablation ring was studied as a func-
tion of the number op-polarized laser pulses used to make a
o . . particular feature in aifsee Fig. 3. As the number of laser
threshold of both thin Si@and Si(100. The outer ablation 1 |ses increased, the undamaged area decreased as the area
ring is pitted in nature suggesting that the Si underneath thg¢ the central damage region increased. After 15 pulses

oxide is ablated and then breaks through the oxide. Simila(FpeaK:O_zso J/crR), at~5.6° relative to the surface the un-

features have been previously observed and attributed to ”Haamaged region was no longer apparent on the surface

. . . . . 9
relative melting tehmper:atures ofh$®elat||ve to ﬁl(lOO). Hres1ESE results are suggestive of a phase change where nuce-

We suggest that there are three relevant fluence threshy;,, 40 growth of the new phase continues to completion,
olds that are responsible for the observed features. In ord

_%{Ilowing light to pass through without further absorption.

of decreasing in_tensity, thege thresholds are th? al_)latl he presence of the undamaged region for features irradiated
threshold of a thin layer of Si§) a postulated modification in both UHV and air suggests that a process of continued

threshold of a thin layer of Sig) and the damage threshold ;e removal is not responsible for the growth of the central

of bulk Si(100). Consider the Gaussian fluence spatial pro-y,ma ; ; ; :
. . ge region with subsequent pulses, as any native oxide
file of the laser pulse on the sampiieee Fig. 2 If the flu- o 5ed by the laser is expected to regrow in(aitcrosec-

ence at the center of the pulse is greater than the damage, 4y \yel| before the arrival of the next puléé mg. Hence,
threshold of the surface SjOwe expect the resulting feature we suggest that the modification of the oxide is a cumulative

to have a central region of d_amage. As we move rad'a."yeffect. It was observed that the outer ring appeared after as
outward from the center of this pulse, we come to a region. as two laser pulses, at which point the area of the un-

on the fluence profile where the fluence drops below th% . - :
. S amaged region was maximized. The absence of the ring
damage threshold of Siohowever the fluence is still above after a single laser pulse directed at grazing incidence is not

the modification threshold of the thin SjOn some fashion, o )
the modification of the Si@decreases the intensity reaching at this time well understood and may suggest other absorp
the underlying Si100), such that removal of Si100) does

not occur. The mechanism for this absorption may be a phase A S DR
change in the Si@from one amorphous phase to another.

The subdamage threshold modification of S\ observe

may be related to the refractive index change used to produce

waveguides and gratings under focused fs irradiation in bulk

fused silica®®> ™’ As we continue to move away from the

center of the shot, the local fluence continues to decrease

until it drops below the modification threshold of the $iO

At this location, the native oxide no longer inhibits the re-

moval of the underlying S{100), and a ring of pitted fea-

tures is formed as the underlying §i00) explodes from

underneath where the fluence exceeds the damage/ablation

threshold of the S{100). We suggest that over a particular 80 i
range of fluence the native oxide is modified and absorbs the [——

intensity of the laser pulse such that the fluence reaching the

underlying Si(lOO) surface is insufficient to cause material F'G- 3- OM imagegin Nomarski modg of grazing incidence feature mor-
removal phology as a function of number of laser pulses. Features produced with

. e L ulse fluence of 0.280 J/&in air, with number of pulses shown. Scale is
In order to understand the laser-induced modification otne same for all images. The undamaged region fills as the number of pulses

the native oxide responsible for the observed outer ring, thécreases, eventually filling in completely after 15 pulses.
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tion mechanisms in the oxide, which we cannot resolve athreshold of the native oxide is reduced by an order of mag-
this time. nitude relative to bulk Si@due to its proximity to the Si
The relative damage thresholds for samples with and100) substrate. These results indicate that when performing
without native oxide can be addressed by comparing the totdk laser damage studies of any material that supports a native
area of damage produced by pulses of equal energy. Thexide, the modification of the oxide must be accounted for
damage region produced on atomically clean(BI0) with  when interpreting damage thresholds and morphologies. Ad-
multiple laser pulses is larger than features produced on Sjitionally, when using standard methods for determining the
(100 with native oxide under the same laser conditions aljamage threshold the reflectivity associated with the native
fluences near the threshold for damage. This implies that thgxide must be considered. This work was funded by the NSF

multiple-shot damage threshold of §i00) can be signifi-  (Grant No. DMR03070400and the DARPA/AFOSRGrant
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