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Micromosaic formation in laser-irradiated Si probed by picosecond time-resolved
x-ray diffraction
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The transient lattice behavior of single-crystal Si(111) under 300 ps laser irradiation has been observed by
time-resolved x-ray diffraction. At first, the rocking curves of the laser-irradiated Si(111) have a higher-angle-
shifted component. The higher-angle component is attributed to lattice compression, which is induced by laser
ablation. The maximum lattice strain is estimated at 5.6%, which is larger than the Hugoniot elastic limit for
Si(111). After 1000 ps, a broadening of the main peak was recorded. In addition, the rocking curve of a
recovered sample is clearly broader than that of a pristine sample. Reciprocal space mapping for the recovered
sample shows that the lattice spacing of the recovered sample does not change from that of the pristine sample,
whereas lattice planes are misoriented. The results of time-resolved measurement and the assessment of the
recovered sample indicate that mosaic blocks with inclined orientations are induced by laser-driven elastic

compression and the subsequent pressure release, rather than plastic deformation.

DOLI: 10.1103/PhysRevB.74.224301

I. INTRODUCTION

The interaction between materials and a laser beam has
been extensively studied because of its many useful applica-
tions. Laser ablation has become the predominant technology
for such applications as the deposition of thin metals and
dielectric films, welding, and micromachining. The laser
shock treatment of metals is known as laser peening, and it is
applied to improving their mechanical properties.! However,
the precise mechanisms of the laser-induced modification of
materials are not yet completely understood because of the
lack of a fundamental understanding of lattice deformation
processes.

A real-time observation of lattice dynamics at micro-
scopic resolution provides information on the deformation
mechanisms under laser irradiation on materials. In particu-
lar, x rays are a sensitive probe that provides structural in-
formation on crystalline materials. It is noticeable that recent
developments in ultrafast laser systems enable us to use a
laser-plasma-based x-ray source. Time-resolved x-ray dif-
fraction (TXRD) with laser-plasma based x rays is capable of
directly observing structural changes with fine time resolu-
tion. Ultrafast laser-induced structural changes have been in-
vestigated for some materials using TXRD with a subpico-
second time resolution.>*  Although laser-induced
compressions on Si,>!! Ge,'> CdS,'? and Cu (Refs. 5 and 14)
have been performed using TXRD, only an elastic lattice
response has been detected. In this paper, we report the ob-
servation of the lattice dynamics of pulsed-laser irradiated Si
using picosecond TXRD and the assessment of the recovered
sample. We then discuss deformation dynamics under laser
irradiation.

II. EXPERIMENT

In this study, time-resolved measurements were made us-
ing a laser pump and an x-ray probe. The laser system used
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was a Ti:sapphire base terawatt laser system (B. M. Indus-
tries Co. Ltd., al0us) based on a chirp pulse amplification
(CPA) technique. The laser system can produce pulses hav-
ing energy of up to 600 mJ for a duration of 300 ps at a
wavelength of 790 nm (E=1.6 ¢V), and a repetition rate of
10 Hz. This 300 ps pulse beam was divided into two beams
by a beam splitter. One beam (25%) was used to irradiate a
sample through an optical delay line as a pump beam, and
the other (75%) was compressed to approximately 60 fs and
used to irradiate a Cu tape target at 10'” W/cm? in a vacuum
chamber for the generation of pulsed x rays (6 ps pulse
width).

The generated pulsed x rays were extracted through a Be
window (127 um thick) and focused on a sample with a
Johansson-type bend crystal. X-ray diffraction was per-
formed on a characteristic Ka; line of Cu in a symmetric
Bragg diffraction geometry. The x rays from the bend crystal
were focused on a sample to cover an angular range of 2.8°
centered around the Si(111) Bragg angles. The diffracted x
rays were recorded with x-ray charge-coupled device (CCD)
area image sensors (Hamamatsu Photonics Co.), which were
LN,-cooled and have 1024 X 1024 pixels of 25X 25 um?. X
rays were diffracted at the center of the laser-irradiated spot
on the sample. An x-ray diffraction pattern was obtained by
accumulating 1000 shots.

The samples used were Si(111) wafers of 525 um thick-
ness and 100 mm diameter. The laser energy density on the
excitation target was 54 GW/cm? by focusing the laser beam
into spot sizes of 0.88 mm diameter on the sample with a
planoconvex lens (f=150). The sample was mounted on a
motorized XY stage. The laser irradiation spot was moved for
each laser shot to prevent irradiation on the same spot.

The recovered samples were evaluated by reciprocal
space mapping (RSM) using x rays and scanning electron
microscopy (SEM) operating at 15 kV. The RSM was per-
formed using an x-ray diffractometer (Brucker Co., Ltd., D8
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FIG. 1. Typical rocking curves for laser-irradiated Si(111) as
functions of delay times. The delay time is varied from
=50 to 1900 ps at 50 ps intervals. The dashed line shows the Bragg
diffraction angle for the Cu Ka; line from the pristine Si(111).
Higher-angle components appear at up to 1000 ps and the maxi-
mum shift is 0.81° at 700 ps. After 1000 ps, broad signals appear on
both sides of the main peak, and the shape of the broad signal is
independent of delay time.

Discover) with a Cu K« line. The probe x ray was collimated
to about 100 wm diameter on the sample. The diffracted sig-
nals were recorded with a position-sensitive proportional
counter. Reflections (333) and (331) were measured for re-
covered samples. The RSM was carried out at the center and
off-center of the irradiated spot and in an unirradiated area.

III. RESULTS
A. Time-resolved x-ray diffraction

Figure 1 shows the rocking curves for 54 GW/cm? irra-
diation as functions of diffraction angle and delay time. The
diffracted signal was measured in the (111) plane with the
Bragg angle being 14.22°. The time delay =0 is defined as
the time when the lower-angle-or higher-angle-shifted com-
ponent first appears. The delay time was varied from
—50 to 1900 ps at 50 ps intervals. In Fig. 1, the profiles of
the rocking curves are divided into two phases at 1000 ps.
Before 1000 ps, the rocking curves of the laser-irradiated
Si(111) have a higher-angle-shifted component, which indi-
cates lattice compression. On the other hand, there are no
signals at the lower angle. The broadening and intensity of
the shifts become larger with delay time. The observed maxi-
mum shift is 0.81° at a delay time of 700 ps. In the symmet-
ric Bragg diffraction configuration, the lattice strain can be
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FIG. 2. Normalized rocking curves for Si(111) before and after
laser irradiation. The FWHM of the rocking curve of the irradiated
sample is larger than that of the pristine sample.

estimated using Ad/d=-A@cot 6z, where d is the lattice
spacing, A6 the shift, and 0 the Bragg angle. The maximum
lattice strain is estimated at 5.6% and is larger than the
Hugoniot elastic limit (HEL) for Si(111),!>!6 which is the
limitation of elastic compression. The width of the shift de-
creases with an increase in delay time to 1000 ps. After
1000 ps, the features of the rocking curves are different from
those before 1000 ps. Broad signals appear on both sides of
the main peak, and the profiles of the broad signals are in-
dependent of pump-probe delay time. The full-width at half-
maximum (FWHM) of the rocking curves B after 1000 ps is
0.104+0.002°.

The observed rocking curves are regarded as a projection
of two-dimensional reciprocal lattice point (RLP) of the
(111) reflection. The rocking curves are affected by a shape
of the RLP. Lattice strain causes the RLP stretching along the
scattering vector and the rocking curves have higher-or
lower-angle shifted components. Tilting of the lattice plane is
related to a change along the direction perpendicular to the
scattering vector. Grain size reduction corresponds to expan-
sion of the RLP. Both tilting and grain size reduction result
in a broadening of the rocking curve. Therefore the rocking
curves reflect these effects.

B. Recovered sample
1. Rocking curve

Figure 2 shows the normalized rocking curves of the re-
covered sample. The broadening of the peak was maintained
even after the laser irradiation. The FWHMs of the rocking
curves for the irradiated and pristine samples are
0.061+£0.007 and 0.035+0.001°, respectively. The present
results suggest that an irreversible lattice deformation takes
place within 1 ns. This is different from the results of laser-
shocked Ge.!?

2. Reciprocal space mapping

An irreversible broadening of the diffraction peak was
observed from the recovered sample. The x-ray diffraction
pattern is affected by crystallographic imperfections such as
crystallographic tilting to the surface normal and the residual
lattice strain. Crystallographic tilting and residual strain can-
not be independently measured by a conventional rocking
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FIG. 3. RSM plots for recovered samples of (a) (333) and (b)
(331) reflections and pristine samples of (c) (333) and (d) (331)
reflections. The broken lines correspond to the minor axis of the
elliptical shape. The centers of both samples are in good agreement.
Broadening was clearly observed in the irradiated sample.

curve for a symmetric lattice plane because of the overlap-
ping of these effects. RSM using x rays and an analytical
method have been improved to evaluate the lateral grain size
and character of the mosaic structure of a film having a large
lattice mismatch.!”-!8 The RSM gives us information about
the character of a lattice plane. In reciprocal space, the
broadening of reciprocal lattice points along the Qz-direction
is related to variations in lattice spacing, whereas the broad-
ening along the other axis is sensitive to tilts or twists of the
lattice. The recovered samples were evaluated using RSM to
explain the mechanism of the broadening of the rocking
curve.

RSM plots for the recovered and pristine samples are
shown in Fig. 3. The RSM plots show an elliptical shape. For
each plot, the position of the centers of the ellipses along the
Qz-direction are highly consistent with the lattice constant of
the pristine sample. This indicates that the lattice constant of
the recovered sample has not changed. In other words, plas-
tic lattice deformation does not occur at the present laser
power density. In contrast, broadenings along the Qx-axis
[Fig. 3(a)] and minor axis [Fig. 3(b)] are clearly shown in the
RSM plots for the recovered sample. The broadening of the
RSM plots at the center of the irradiated spot was slightly
larger than that measured off-center. The broadening is con-
sidered to be due to the characteristic features of mosaic
block tilting.!”2* The RSM results imply the formation of
mosaic blocks with misoriented lattice planes caused by laser
irradiation.

3. SEM images

SEM images of the laser-irradiated Si sample are shown
in Fig. 4. Figure 4(a) shows the morphology at the center of
the irradiated spot. It appears that sterically complicated fea-
tures and complex cavities are formed. In Fig. 4(b), the sur-
face has tubelike structures with small holes and spherical
shapes. The diameters of the tubes are approximately 3 um,
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FIG. 4. Typical SEM images of laser-irradiated Si at (a) center
and (b) off-center. Complex features are shown at the center.

but the directions of the tubes depend on their location.
These structures suggest thermal melting and recrystalliza-
tion caused by the laser irradiation. This surface morphology
is similar to the results obtained by laser irradiation on
poorly absorbed semiconductors.?! The existence of cavities
is understood to be caused by the vapor of a boiling layer
inside the crystal being ejected from the cooled surface. Thus
vaporization from the inner layer is presumed to occur at a
later phase of laser irradiation.

IV. DISCUSSION

In this study, lattice compression was observed under la-
ser irradiation. Although a thermoelastic response of Si
heated by laser irradiation may occur,?? the expected com-
pression is approximately 0.2%, which is lower than the ob-
served compression of 5.6%. In a laser shock experiment, the
origin of uniaxial compression in a sample is thought to be
laser ablation. The ablation pressure for this study is esti-
mated to be 8.3-9.4 GPa.?*?* The HEL is at a compression
of 2.6%, corresponding to a dynamic pressure of
5.4 GPa.'>!1% The ablation pressure is greater than the HEL
but is less than the pressure required for a semiconductor-
metal transition of approximately 12 GPa.?

The FWHM of the peak during the laser irradiation (B
~0.104°) is larger than that of the recovered sample (B
~0.061°). Tt is speculated that the peak broadening after
1000 ps is not due to thermal effect because the broadening
is detected in early stages. The narrowing of the peak indi-
cates that the ordering of the crystal or regrowth of the crys-
tal driven by residual heat may occur. SEM images show that
the temperature inside the sample remains high after the sur-
face layer has been cooled. Note that TXRD is not apprecia-
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bly affected by surface morphology, which is observed by
SEM. Because the penetration depth for Cu K« for an inci-
dent angle of 14.22° is 8.3 um, TXRD gives information on
the inner crystal. In contrast to TXRD, SEM can reveal only
surface morphology. In addition, the penetration depth of Si
for 790 nm light is about 10 wm, and it decreases with in-
creasing temperature;?® then a thin surface layer is melted
and ablated. Consequently, the residual heat of the surface
layer may diffuse into the inner crystal and the regrowth of
the sample might be observed using TXRD.

The lattice compression induced by the laser ablation ap-
pears immediately after laser irradiation. SEM images indi-
cate that heterogeneous boiling known as phase explosion?’
may occur and babbles are ejected from the surface. On the
other hand, numerical simulation reveals that phase explo-
sion dose not occur under picosecond irradiation because of
gradual cooling by heat conduction.”® In any event, these
events are relatively slow processes in the laser irradiation
and it seems that these processes including melting, vapor-
ization, and recrystallization are not reflected in our time-
resolved measurement. It is speculated that laser-induced
plasma formation causes the lattice compression. In this
study, the laser fluence exceeds the optical breakdown
threshold of Si.?

The mosaic blocks are characterized using the results of
RSM and TXRD. The lattice tilt distribution ¢ is related to
the deviation of the RSM (A).!° The lattice tilt distribution
is obtained using

Ag=2KAysin 6, (1)

where K is the wave vector of x rays. The RSM of the asym-
metric reflection 331 for the irradiated sample gives a tilt
distribution of Ag=0.071°. The tilt angle is comparable with
the FWHM of the rocking curves for the irradiated sample
within experimental error. This implies that the irreversible
broadening of the rocking curves is due to mosaic blocks
tilting. The size of the grain can be estimated using Scher-
rer’s equation

0.9\
dmasaic: B cos 0 >
B

2)

where \ is the wavelength of x rays. The estimated grain size
is about 200+60 nm. However, the RSM clearly shows an-
isotropic broadening of the RLP. It is indicated that the
broadening is caused by the tilt of lattice plane.

The residual stress of the Si crystal is expected to be
applied during recrystallization processes. Raman spectra ob-
tained using a 514.5 nm line of Ar laser show that both com-
pressive and expansive stress of several hundreds MPa is
applied in laser-irradiated Si.

Considering the results of TXRD and RSM, it is assumed
that the formation of misoriented mosaic blocks is caused by
laser irradiation. In fact, it has been reported that plastic de-
formation due to laser irradiation induces mosaic-block for-
mation in metal.*>*! In this study, however, although the
duration of the laser pulse was only 300 ps, the broadening
of the rocking curve was observed at a delay time of
1000 ps. In other words, laser-driven compression was ter-
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FIG. 5. Schematic drawing of lattice response under laser irra-
diation. The XY-plane corresponds to the (111) lattice plane, which
is perpendicular to the incident beam. The sample is a perfect crys-
tal before the laser irradiation. When the surface of the sample is
laser-irradiated, lattice compression along the Z-direction occurs.
Mosaic deformation with a slight tilt occurs simultaneously with the
compression. The misorientation of the mosaic blocks is enhanced
by the large tensile strain induced during relaxation.

minated when the broadening was first observed. Moreover,
taking the results of RSM into account, it is reasonable to
assume that an imperfect plastic deformation is induced by
laser-induced compression. This means that the formation of
misoriented mosaic blocks is not only attributed to laser-
induced compression. It has been reported that laser-shock
compression in semiconductors shows a simple elastic re-
sponse above the HEL.>-!? In addition, elastic compression
followed by elastic tensile strain has been reported. The ob-
tained compression was 6.2+0.2% and the maximum tensile
strain was 3.4%, which is comparable to the fracture stresses
obtained in static measurement.’ It is speculated that a large
tensile strain causes a marked tilting of the lattice plane in
the mosaic blocks.

A schematic drawing of the lattice response to the laser
irradiation is shown in Fig. 5. In Fig. 5, the XY-plane corre-
sponds to the (111) lattice plane and the Z-direction is the
[111] direction. Before the laser irradiation, the sample is a
perfect crystal. During the laser irradiation, laser ablation is
induced and lattice compression occurs along the
Z-direction. Because of the compression, mosaic blocks that
are slightly tilted and twisted are formed. The spaces be-
tween the mosaic blocks are considered to be amorphous and
the sizes of both spaces and mosaic blocks are decreased by
the compression. After the laser irradiation has finished,
pressure is released, and then a marked tilting of each block
is induced by the large tensile stress due to the pressure
release. Note that the scheme explains the deformation of the
inner crystal but it cannot account for surface changes.

Previous studies of laser-induced shock compression in Si
(Refs. 5-11) and Ge (Ref. 12) showed that the crystal re-
sponse is purely elastic. In the case of Si(100), nanosecond
shock experiments of up to 60 GPa were performed using an
indirect (x-ray) or direct (laser) drive and the shocked crystal
was probed by x-ray diffraction.>® These results show that Si
appears to respond elastically on the nanosecond time scale.
In this study, the lattice response should be the same as those
of previous studies. However, the RSM plots and the consid-
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erable peak broadening imply that the lattice response to
laser irradiation is not always simply elastic. A possible rea-
son for this discrepancy is that the time and angle resolution
of this study are better than those of previous studies.

V. CONCLUSION

Lattice compression in Si(111) induced by laser irradia-
tion at 54 GW/cm? has been measured by time-resolved
x-ray diffraction. The results indicate an elastic lattice com-
pression during a 300 ps laser irradiation followed by irre-
versible deformation. Reciprocal mapping for recovered Si
implies that mosaic blocks with various misoriented planes
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are formed. The irreversible deformation is concluded to be
caused by elastic compression and the subsequent large ten-
sile strain, rather than plastic compression.
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