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1. Abstract:

Ultra-fast femtosecond laser micro-machining camdleto improved surface
morphology and a reduction in the heat-affectedezémthis paper, synchrotron x ray
topography (SXRT) and micro-RamarRS) has been used as nondestructive tools to
compare the residual strain in InP substrates &ftatosecond and nanosecond laser
processing. 2-dimensional stain distributions witdrying probing depth and cross
section images across the 4 laser machined graesesobtained. The re-crystallized
poly-InP layer on the laser machined groove surfaae been found to be highly
strained in tension and the stress magnitude ishnmigger than the shear stress
introduced by crystal distortion underneath. Attemparing the simulation results of
SXRT orientation contrast with the topography insgbe nature of the crystal plane
distortion induced by both fs and ns laser mackimrethods was elucidated.

Keywords: Femtosecond laser ablation; Indium phosphide; Raspectroscopy;
Synchrotron x-ray topography; Strain analysis

2. Introduction
Indium phosphide (InP) has been found to be one tbe

promising,m'wcompound semiconductor materials for high speecdbebpttronic

applications and this has drawn great attentiotihnénpast few years. Compared with
conventional nanosecond (ns) laser methods, wstféemtosecond (fs) laser pulses
are particularly advantageous in high precisioredaasblation, which can lead to
improved surface morphology and a reduction ingkient of the heat-affected zone
(HAZ). The quality difference of machined substsateith different laser pulse
durations, in terms of collateral damage of thestalystructure, residual strain and



localized change in optical, mechanical and eleotroproperties, has been
demonstrated by many groups.

Typically, the non-destructive studies on laser immaad samples have been limited to
the top surface using optical (OM), scanning etett{SEM) [1] and atomic force
microscopy (AFM) for surface morphology visualizati [2], micro-Raman
spectroscopyuRS) for stress analysis [2,3] and Auger electroecBpscopy (AES)
for chemical modification [4]. Thus, according t@st of the published work, in order
to obtain the crystal structure and strain infoioratens of microns under the laser
machined surface, the samples have to be destlyctileaved or further prepared by
some special techniques e.g. focused iron beam) (EdBallow access to the
cross-sectional facet by the degree of polariza{ip@®P) photoluminescence (PL)
techniques [5] and transmission electron spectms¢bEM) [6].

Since the threshold fluence dependency of irradigamiconductors on the number
of laser pulses can be described by a fatigue damsgchanism, it becomes very
important to understand the accumulated mechasiczds in the multiple-pulse laser
machining process. [7] This stress can be indugeithd thermal process, top surface
chemical compositional changes and the crystattitre distortion underneath.

In this paper, we present a totally non-destruc8izeanalysis of strain induced by
femtosecond and nanosecond laser machining usirtg Wwham synchrotron x-ray
topography (SXRT) and high resolution micro-Ramamed®roscopy (RS). 2D
images with varying probing depth and cross sedtimages of the strain fields right
through the processed InP wafer have been obtaBwt. uniaxial and shear stress
values from the top surface and the underlyingtatysave been calculated based on
the Raman peak shifts and the orientation contfaSXRT images. To the best of our
knowledge, it is the first time that white beam @yotron x-ray topography (SXRT)
has been applied to the strain analysis of lasehmad samples.

The method of strain field imaging using SXRT is&@ on two contrast mechanisms:
(1) extinction contrast: the difference in reflegti power between perfect and
imperfect crystal regions and (2) orientation casitr the non-uniform diffracted
image of distorted crystal whose misorientation eeds the divergence of the
synchrotron beam, ~0.06 mrad vertically in thigdgturhe SXRT sensitivity to strain
magnitude is estimated to be at least of the cofléx10° and a spatial resolution of
about um can be easily achieved [8]. Unlike the aforenmrad strain
characterization techniques used on laser machsaetples, SXRT is a genuinely
nondestructive analysis tool sensitive to the sifbsa features. By selecting different
diffraction images on the recording film and vaginhe corresponding X-ray
penetration depth, a 3D strain field profile rigitough from the top-side to back-side
can be built up. Using transmission section topolgya(TS) geometry, a set of



cross-section images of the strain distribution different crystal planes can be
obtained in a few minutes. SXRT has already beeoessfully used to characterize
the defects in single crystal Si, thermal procegsiduced strain fields in packaged Si
integrated circuits and solder bump process industdss distributions in Si
substrates [9-11].

One drawback to be noted at this stage is thatibrmally very difficult to determine
the sign of the strain which produced the contoasthe recording film and only the
magnitude of the strain can be calculated base8XRT results. Therefore, in order
to calculate the exact stress value, obtain a tagblution stress line profile (less than
1 um spatial resolution) and also analyze the cryataBtructural modification on the
top surface, micro-Raman SpectroscopyR$) has also been used as a
complementary tool in this study.

3. Experimental details
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Figure 1. (a) Schematic details of large area back-reflediipography (LA-BRT)
geometry, (b) back-reflection section topographR8d) geometry, (c) large area

transmission topography (LAT) geometry and (d) sraission section topography
(TS) geometry

The micro-machined samples are prepared with a agiah, regeneratively
amplified Ti:sapphire laser operating at a centeasélength of 800 nm at a 1 kHz



repetition rate. The laser beam was focused osdh®ple surface by a 5x microscope
objective to a spot size of0.5 um (Gaussian beam radius atlifgensity fall off).

Inside a small vacuum chamber, four grooves werehmad on the (001) surface of
one n-InP substrate (S doped ¥16m®) along the [100] direction under a rough

vacuum of 0.1 MbarThe pulse durations are approximately 130 femtosecands8

nanoseconds. The nanosecond pulse is obtainedtfrersame laser as the 130 fs
pulse by blocking the seed pulse to the amplifret ypassing the compressor. With
a beam linearly polarized perpendicular to theirgttirection, pulse energies o001
uJ (fluence of ~ 2 J/cfh and 035 pJ (fluence of ~ 0.7 J/cthwere utilized at a
machining rate of 50Qm/s, as shown in table 1. This machining rate impdigsrox.
10 pulses are incident on the sample in each baameter length, making this a
multi-pulse process.

The X-ray topography measurements were performedHASYLAB-DESY,
Hamburg, Germany, utilizing the continuous spectafrsynchrotron radiation from
the DORIS Il storage ring bending magnet sourdee Ting operated at a positron
energy of 4.45 GeV and at typical currents of 8@-1b®A. The Laue patterns of
topographs were recorded on Geola VRP-M Holograghms, which has an
emulsion grain size of about 40 nm. Four experigeatrangements, large area
back-reflection topography (LA-BRT), back-reflecti®ection topography (BRST),
large area transmission topography (LAT) and trassion section topography (TS),
as illustrated in Figure 1, have been used to nbtigpth profile information and
cross-section images of the strain fields.

Micro-Raman measurements were conducted in thesbattlring geometry using a
488 nm Af laser (13.2mW) excitation at room temperature dokin Yvon LabRam
HR800 puRS system equipped with a liquid nitrogen cooled DC@etector
(wavenumber resolution = 0.4 &n With an Olympus 100x microscope objective,
the laser was focused on the sample surface tanaetier of Jum. Line scanning with

1 um step size was performed automatically on a nu#driXY microscope stage
whose step resolution is Oum and reproducibility is um. 20 seconds integration
time was selected and 3 Raman spectra from the geohang position were averaged
to increase the signal to noise ratio (SNR).

4. Results and discussion
SXRT Large area back reflection (LABRT) results
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Figure 2: Typical SXRT LA-BRT images for 4 laser machinedayes: 0 2 6
diffraction image. The diffraction vectgris indicated on the image.

As shown in figure 2, the 0 2 6 large area baclectibn topograph (LA-BRT), two
nanosecond laser machined grooves (G Nol and G)Nar2 be observed as two
strips of reduced intensity (white) at the groovegnter and enhanced x-ray
diffraction intensity (black) at the edges. In cast, the two femtosecond laser
machined grooves (G No3 and G No 4) appear to maveased diffraction intensity
at their respective centres.

The kinematic penetration depth)(of the x-rays in each SXRT diffraction image,
which is measured perpendicular to the surfacepeatalculated using the equation:

1
t. =

i ﬂ(.l + == ]
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wherep() is the linear x-ray absorption coefficient at whkangth), o; anda; are the
incidence and exit angles with respect to the sanspikface [12]. Therefore, the
probing depth of the 0 2 6 diffraction image carelbémated to be 2.7%8n, which is
far deeper than the probing depth of the Raman umeent (~70 nm with 488 nm
laser excitation).

Two possible mechanisms can be used to explaimtaesity contrast at the groove
centres for all four laser machined grooves shawiigure 2. The extinction contrast
mechanism suggests that the reduced intensity driuwengrooves may represent the
greatly reduced x-ray diffractive capability due ttee presence of a thick x-ray
absorbing re-solidified surface layer, which corsesi a high percentage of
amorphous or polycrystalline InP. However, the sresctioned transmission electron
microscope (XTEM) results for the same sample prtesk by another group [6]



indicates that the resolidified layer thicknessyowaries from 200 nm to 500 nm,
which is far less than the x-ray penetration deg#ificulated using equation 1.
Additionally, the width of the white low x-ray imeity region is much bigger than the
groove width or the re-solidified layer width acsdbe grooves (from 10m to 20um
measured by XTEM). Therefore, this image can ordyelplained by a dominant
orientation contrast mechanism, resulting from theerlap or separation of an
inhomogeneously diffracted x-ray beam.

The width of the reduced intensity stripes on tRT film should be equal to the
SXRT detectable width of shear strained InP cry8td8 um below the top surface.
Therefore, according to figure 2, the width of thstorted underlying crystal near the
four grooves from No.1 to No.4 can be estimatede®4um, 32um, 28um and 24
um respectively, as listed in table 2. With the salaser pulse energy, laser
machining with shorter pulse duration leads to #nadtrained regions near the
grooves.
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Figure 3: Schematic of ‘focusing’ (a) and ‘defocusing’ (beamanism of diffraction
x-ray intensity line profile with two oppositely stir strained areas associated with
femtosecond and nanosecond laser machining reggekgcti

In addition, two totally different diffracted x-raline profiles, termed here as
‘focusing’ and ‘defocusing’ phenomena, are obseraedoss the fs and ns laser
machined grooves respectively. Similar to SXRT m@éon contrast for edge
dislocations [13], these phenomena can be explaiyetthe opposite sign of (0 0 1)

crystal plane Bragg angle variatioAfg) with respect to the incident direction of



synchrotron x-ray beam in the shear strained aRederring to figure 3(a), the
femtosecond laser machining process modified thsigtace (0 0 1) crystal plane
such that the diffracted x-ray intensity from thistorted region is ‘focused’ to the
groove center, shown as a symmetric white-blackevandwich structure contrast in
the LA-BRT image. In contrast, for the nanosecoaset machined trenches, as
shown in figure 3(b), the diffracted x-rays fronetbhear strained area is ‘defocused’
to the groove sides, resulting in a wide whitepstrstructure with enhanced intensity
at the edges along the [1 0 0] direction. Accordioghe ‘defocusing’ orientation
contrast observed, the subsurface (0 0 1) crysakep tilt upwards and tend to align
perpendicularly to the laser machined surface wdygoroaching the groove centre.
One possible reason could be that during the tietevden two nanosecond laser
pulses, which is longer than the time need fornttaérdiffusion deep into the bulk, a
heat affected zone (HAZ) is built up by the excksat induced by the initial laser
pulse. The (0 0 1) crystal planes in the HAZ aréouheed along the temperature
gradient, which is normal to the laser machinedias@r A tensile strained area could
be expected in the underlying crystal substrater dfte nanosecond laser machining
process. In contrast, the (0 0 1) crystal planeteuthe femtosecond laser machined
grooves are simply compressed downwards and leaamgressively strained area
below the groove center, as shown in Figure 3(}his case, non-thermal melting
occurs. Similar imaging results of shear straitritigtion have been observed using a
destructive probing method (degree of polarizapbontoluminescence technique) on
the cleaved InP facet across all four laser machg@oves, where the degree of
polarization (DOP) signal, associated with linetraia, and the rotated degree of
polarization (ROP) signal distribution, which igetitly related to the shear strain and
lattice distortion direction, have been found todbepposite sign beneath the fs and
ns laser machined grooves [5]. Although the exitimctontrast mechanism may have
some minor impact on the LA-BRT images especiallythe fs laser machined case
where dislocations along groove sides and twirtkeatenter are observed by XTEM
[6], the dominant orientation contrast mechanisith dearly indicates the opposite
sign of crystal distortion in the two cases. Thesdusion is further confirmed by the
SXRT transmission section topography (TS) simufetim section 4.3.

SXRT back reflection section topography (BRST) reslts
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Figure 4: The 0 2 6 SXRT back reflection section topografBiRST) of four laser
machined grooves with x-ray penetration depfhatt 2.8um.

One of the advantages of SXRT back reflection saectopography is its ability to
provide nondestructive depth profiling of a thircslof InP crystal across the 4 laser
machined grooves perpendicular to the top surf&ye.carefully comparing the
topographs and the corresponding x-ray penetradepths for different diffracted
images, the depth of imperfect crystal region carestimated. As shown in figure 4,
the broken line features (defocusing orientationtiast) introduced by nanosecond
laser machining process can be found on this BR®@De with §=2.8 um and all the
other diffracted images on the recording film. Td@responding x-ray penetration
depth varies from 1.,um for 1 1 5 diffraction to 22..um for 3 3 13 diffraction.
Therefore, the magnitude of shear strained deptluced by nanosecond laser
machining is greater than 20n. At the positions of G No.3 and G No.4 in figdre
the SXRT misorientation contrast of trifurcate shaglated to the distorted InP
crystal under femtosecond laser machined groove®tisobvious, which indicates
much smaller shear strain values about the fs madhgrooves compared to the
nanosecond processed counterparts. Among all tithest diffraction images, the
strongest SXRT misorientation contrast about G Nm@ G No.4 can be found in the
0 2 6 diffraction, which suggests that the mostenfgct crystal region induced by fs
laser machining is about 3 um below the top surface

Transmission section results and simulation
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Figure 5: The 220 SXRT Transmission Section Image of laser machingéd

As shown in figure 5, the 220 SXRT transmission section (TS) image, four pafrs o

symmetric back ‘tails’ can be observed around a#lel machined grooves. This
contrast can been seen when the misorientationrydtat planes exceeds the
synchrotron x-ray beam divergence, which is 0.06hwertically at the F1 beamline
in HASYLAB. The black tail length, corresponding tiee magnitude of orientation

contrast shiftAS), can be calculated as [14]:

AS =2 (ABg) L 2)
wherelABg is the maximum observed shift of the Bragg anglthefseverely strained
crystal region and L is the distance between thgpgaand film (93 mm in this case).
ABg comprises lattice dilatationA@l/d) parallel to the Burgers vectog)(and the

component of the tilt angle of the lattice planes around [0 1 0], the norneathe
plane of X-ray incidence, and this can be expreasdd4]:

Ad
ﬂﬂB:Ttan[ﬂB]+a

3)

Since white beam radiation can provide a diffragtivavelength for any dilated plane,

the dilatation componentdd/d)tanBg can be ignored antiBg is equal to tilted angle
a, which is directly related to the shear straij[15].

Wuy ¥ ADg = @ (4)

The magnitude of shear stredg ] can been quantitatively estimated using
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where E = 61.1GPa, the Young’s modulus of InP [16].

Using the orientation contrast shifk%) measured in figure 5 and equations (2) and

(3), the maximum distorted angle of tH229) lattice plane about the laser

machined grooves from No.1 to No.4 has been eston@at be 1.74 mrad, 0.54 mrad,
0.35 mrad and 0.24 mrad, respectively. The magaitafl crystal misorientation
resulting from femtosecond laser machining is fassl than the comparable
nanosecond process with the same laser pulse eNeitbyreduced peak laser fluence
from 2 J/cnd to 0.7 J/crfy the shear stress value about the grooves desréase
106.2 MPa to 33.4 MPa for the nanosecond laserepsoand from 22.2 MPa to 14.1
MPa for the femtosecond processes, as listed la fab

Additionally, as shown in figure 5, the orientatioontrast induced black tail, which
extends upwards on the right hand side of the remoosl laser machined grooves at
positions G No.1 and 2, extends downwards on theesade of femtosecond grooves
at positions G No.3 and 4. It confirms that theioagwvhere the crystal planes are
downward misoriented for the femtosecond laser machsamples become upward
misoriented for the nanosecond machined samplesvi@edversa, as illustrated by
figures 3(a) and 3(b) respectively.

To further confirm the opposite sign of the distdricrystal planes underneath the
machined grooves, two typical SXRT TS images arakited for grooves No.3 and
No.1 with Matlab® using the methods of [17] for thikentation contrast mechanism.
The simulation is based on the parameters calculab®ve, such as the strained

region width and the maximum distorted angle of (229} |attice planes. The

bending directions for both fs and ns cases arenasd to be the same as the
predictions shown in figure 3. To simplify the silation, only a single distorted (0 O
1) crystal plane several micrometers below theaserfhas been considered. The
distorted crystal planes on either side of therlasachined grooves are separated by
the groove width of 4um. As shown in figure 6(a) and (b), the (0 0 1)ngla

misorientation magnitudABg is assumed to increase more and more rapidly when

approaching the grooves’ centre and is arbitraldgcribed by a function of distance y
measured from the centre of the grooves:
For the nanosecond laser machined groove #1:

48; () =0 when |y|>34 or B/|<

10



A8y (¥) =-ABg [1_\/CDE(34_6;II)H]

when 2<|y|<34 (6)
For the femtosecond laser machined groove #3:

48; () =0 when |y|>16 or B/|<

485 (¥) = 485, [1-\/.:.:3(1“2;“)“]

when 2<|y|<16 (7

where the positive value difg represents the clockwise rotation along the [100]

direction and the y axis is defined along the [Odi@gction.

This simulation method is based on orientation ramttpurely and can be applied to
any diffraction images observed on the detectibn. fBriefly, a set of crystal planes
(h k1), which give the h k | diffraction image ¢ime recording film, are represented by

plane normaB and distorted around the [100] aXidy ABg(y). The resulting vector

C can be calculated as:

E=€ﬂ+ix[ﬁ—ﬁ:ﬂ] w +cos (A8 (¥} [ﬁ-ﬁ;) @)

where w2 9)
Due to the SXRT TS experimental setup, the whoystaf is then rotated around the

[010] axisD by 13to image reflections of interest. The distortedsta/plane [h k 1]

is therefore rotated to a new directirih; k; |,] to reflect the incident synchrotron x
ray beam along the [0 0 1] direction.

E=€D+EX[E_€D]w+ms(13°} [E—ED] (10)

5
— C+D =
Cp = D
where D2 (11)

The angl® ooy between the incident synchrotron x-ray beam [0 Oafhyl the
reflecting crystal plane norm&l [h; k; I] is

1,
hIZZ +k.1:2 +1:|:2 (12)

E:I:..[':":ll] = drcCcos [

The distance r between the reflected spot and ine dentre for the SXRT
transmission section experimental set up can lweileaéd as

r = Ltan {2 & go17- 7T} (13)

11



where L is the distance between sample and filrm{@8in this study).
Since the distorted reflecting crystal plane norigdh;, k; I;], incident x-ray beam
[001] and reflected x-ray beam should be insidestrae plane, the coordinatesard
y; of the simulation point on the film are:
h;
Xx=—Y=~%
|

Ye=————T

N (14)
where xis along the [100] direction andig along the [010] direction.

SinceABg is a function of the initial reflecting point ptisn (y) on the InP sample, a

set of coordinates for the final reflected poipssitions on the film can be calculated
and a simulated transmission section image origigatrom a single layer of the
distorted crystal plane can be plotted, as showigime 6(c) and (d).

12



distorted angle of (00 1) crystal plane around [1 0 0] axis [rad]

As seen in figure 6(c) and (d) , tt 220 SXRT transmission section images show

exactly the same black tail directions and lengibspredicted by the orientation
contrast simulation for both ns (c) and fs (d) fasechining cases. Therefore, the
[001] crystal plane bending directions as hypotasiin figure 3 are clearly proven
by both large area back reflection and transmissexution techniques. Although the
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real curve shape of the distorted [100] crystahelanay not be exactly the same as
indicated by Equation (4) and (5), we can still dade that, with our current laser
machining parameters, femtosecond laser machinihgempress the [001] crystal
plane underneath while ns laser pulses will ti# f801] crystal plane upwards and
leave the same region in tension instead. In addithe simulation shows a gradual
reduction in intensity towards the end of the difted ‘tails’. This is also seen on the
experimental film confirming the increased misotadion as one approaches the
groove centre. SXRT is proven to be a very serestipol for detecting crystal plane
distortion after laser machining treatments. Bdih mmagnitude and sign of the shear

13



strain can be calculated after careful modelling.

Figure 6: Synchrotron x-ray transmission section topograptukation: the distorted
angle of (001) crystal plane around [100] axis(Brns laser machined G No.1 and (b)
fs laser machined G No.3; Positive values repredenkwise rotation along [100]

axis. The simulatec2 2 0 SXRT transmission section images: (c) for nanoseéco

laser machined G No.1 and (d) femtosecond lasehimad G No.3 on the
backgrounds of the experimental SXRT images.

Micro-Raman Spectroscopy results

When compared to Synchrotron X-ray Topography (S)XRmicro Raman
spectroscopy (URS) has the capability to measeréottalized strain distribution with
better lateral resolution as determined by therlapet size, which is 1 um in this
study. Raman Spectroscopy has already been foubd $ensitive to the presence of
amorphous and polycrystalline InP and it is posstblanalyse the strain distribution
and polycrystalline grain size inside the re-crijigiad layer on the top surface. [2]
The probe depth of the Raman measurements canltdated depending on the
material and its crystalline state. Using the 488 Ar’ laser output, the average
optical penetration depth in single-crystallineiimd phosphide (c-InP) is ~70 nm
[19], which is far smaller than the minimum x-ragngtration depth even in the back
reflection geometry (2.78 um). Therefore, combinBXRT and uRS techniques, a
comprehensive strain profile from the top surfazdhte bottom surface induced by
laser machined grooves can be non-destructiveirodd.

As shown in figure 7, the reference spectrum ofistneated (100) InP sample, shown
as the black curve is obtained far away from tlseranachined grooves. Several first
and second order Raman peaks are visible. The lbrggitudinal optical (LO)
phonon-peak appears at approximately 339 5amising from the surface depletion
zone. The small LO peak intensity suggests a hahier concentration in the InP
sample, which reduce the scattering volume foruthgcreened LO mode and hence
the depletion depth. Adjacent to three second-optemon peaks (2TO: 614¢Em
2LO: 679cm and TO+LO: 648ci), a broad feature assigned to one of the LO
phonon-plasmon coupled modes (LOPCM) tan be observed at ~594¢nSince
the peak position of the'Lcoupled mode has been found to be very sensitithet
free-carrier density in n-InP, a carrier concemratof about 3.5*18 cm® can be
estimated by comparing to the data in the litemf@B]. This is in agreement with the
InP sample doping level indicated in section 3séth high doping levels, the excited

14



Intensity [a.u]

carrier population induced by the incident laser ba neglected and thus thépeak
presents a very slight blue shift with decreasimgiteng laser power used in the
Raman measurements. According to the InP selectiten for the back-reflection
geometry employed in this study, the transversecalp{TO) phonon-peak at ~306
cm® should be forbidden and should show a very loverisity. The overlapping
strong peak at ~301.4 ¢chis attributed to another LOPCM modé)(Instead. Similar
Raman spectra can be found in the literature wtiezé28.7 nm line of an Adaser
has been used as an exciting source for the Raneasurements on heavily doped

n-InP [18].
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Figure 7: Typical Raman Spectrum on untreated InP (100)targsd the surface at
the centre of four different laser machined grooves

In contrast, for all the Raman spectra measureidéanthe grooves, no LOPCM'L
mode can been seen at the high frequency range 600~ 800 cnt), which
suggests a greatly reduced free carrier concemtratn the laser machined surface.
Therefore, no Lpeak can been expected at the overlapping peakoposf the TO
mode. The two strong Raman peaks observed at a@@@cm' and 338 crit are
now related to TO and LO modes, respectively, ercifrom the top surface
re-crystallized layer. The presence of the TO madses from the less than ideal
backscattering geometry due to the presence of-ggstalline InP and light
scattering from the rough laser machined surfacen@ared to the dominant TO and
LO peaks, the broad disorder activated optical phamode (DAO) peak, which can
be related to the InP amorphous layer, are notoafsvat ~ 300 cthand ~ 440 ci
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[2]. This phenomenon indicates that, for all theofans laser machined grooves, the
amorphous layer thickness is far smaller thandahé#te polycrystalline InP through to
the 70 nm Raman probe depth. From the coexistenc® and TO phonon peaks and
the missing LOPCM mode for all the Raman spectraiobd inside the machined
areas, it appears that all the laser machined ggawestigated in this paper are
covered by a thick re-crystallized poly-crystallilaer. The layer thickness should
exceed 70 nm (the Raman excitation laser penatrdepth), which is consistent with
the XTEM results on those samples [6]. The increadisorder of the crystallite
orientation in this re-solidified layer is furtheupported by the fact that the full width
at half maximum (FWHM) of the LO peak increasesalfgctor of 3 to 4 compared to
the regions outside laser machined grooves.

For InP, Raman spectroscopy is also very useful dwect mechanical stress

calculations. Assuming uniaxial stress, the intest@ssd is linearly related to the

shift of Raman peakw (compared with its peak position of unstressedsthréace):

6= gDw (12)
where a negative value éfindicates compressive stress in the tested misarisg
has a value of —0.19GPa/¢rfor the InP LO-phonon mode[20]. Therefore, a posit
shift in the InP LO peak reveals a compressivesstr8ince the Raman signal inside
the grooves is mainly derived from a poly-crystalilayer, it is very important to
notice that the shift to lower wavenumber for th® LO phonon peak could also be
introduced by the decreased crystallite size duthéoquantum confinement effect
[21]. The measured Raman peak shift must be céditiaefore the stress calculation.
As shown in figure 8, which shows the FWHM line fdeoof the LO peak across four
laser machined grooves, the LO peaks broaden tenid for nanosecond laser
machining and have an average value of 12 to 14 @mall irradiated areas.
According to the calculation of Yu et al. using thatial correlation mode for InP
along the [100] direction, the InP LO peak broadefrth decreasing mean diameter
of the InP crystallite size. [22] The FWHM valueis12 and 14 cr are correlated
to a lateral crystallite dimension of 4.1 nm an@ 8m, respectively, which will cause
a downward shift of the LO peak by about -1 tnBy assuming that the
polycrystalline InP has a characteristic LO peakHM/value of more than 11 ¢
the re-crystallized layer widths on the top surfaceoss the four laser machined
grooves from No.1 to No.4 have been measured tH&2pum, 9um, 20pum and 10
um, respectively. They are much smaller than thesstifce strained crystal width
measured by the SXRT methods. The big variaticdh@1.O peak FWHM outside the
grooved area (at the scan position fromué®bto 57um) in figure 8 (a) is correlated
with the presence of droplet particles depositecabigjuid phase expulsion process
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observed on the XTEM images [6].

With our current experimental configuration, thedthi of the re-crystallized layer
appears to increase with decreasing pulse duraimh increasing pulse energy.
According to the XTEM results, the groove surfaoachined by both fs and ns laser
pulses are fully covered by a ~ 300 nm thick pali-layer. [5] The re-crystallized
layer width measured by the Raman method is equ#he laser machined groove
width. The groove width increase with shorter lapetse can be explained by
enhanced optical energy absorption and reducedi@bldreshold fluence, when the
non-linear optical process becomes significant wilie relatively higher peak
intensities, achieved within fs pulse durationdwiite same pulse energies. [23]

When using the femtosecond laser machining metthedoptical energy input occurs
in ~ 130 fs, the resultant ultra fast phase tramsi{non-thermal melting) can be
observed within ~ 400 fs, the onset of ablationuoscafter ~ 200 ps and the
resolidification time for InP is around 25 ns [28lompared to the nanosecond laser
machining processthe energy deposition within a fs pulse durationtémporally
separated from the consequent material removalepsoand there is no interaction of
radiation with the ejected material. Therefore,n@oasther groove surface and smaller
Raman pealtWHM variation across the laser machined grooves li&a expected.
This is in agreement with uRs data, as shown inréi@.
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Figure 8: The line profile of calculated uniaxial strain tme top surface and full
width at half maximum (FWHM) of LO phonon peak (op&rcles) across four laser
machined grooves with: (a) ~1 J/ctaser peak fluence, 8 ns pulse duration, (b) ~0.7
Jlent laser peak fluence, 8 ns pulse duration, (c) efidfaser peak fluence, 130 fs
pulse duration and (d) ~0.7 J/ttaser peak fluence, 130 fs pulse duration. The LO
peak positions and FWHM at each scan position lea®s lneasured in each Raman
spectrum using multi-peaks fitting with OriginPr&® software.

After calibrating the InP LO peak position with tberresponding FWHM value using
Yu’s model [22], the line profile of uniaxial stiesn the top surface (~ 70 nm probing
depth) across the four laser machined grooves éas talculated as shown in figure
8. Only tensile stress has been found in the pojgtalline layer on the top surface
and the maximum values for grooves from No.1 todNwe estimated to be 1.16 GPa,
0.863 GPa, 1.45 GPa and 1.24 GPa, respectively. siiiface tensile strain can arise
either from thermocapillary or from chemicapillaffects. The thermocapillary force,
induced by the temperature gradient due to the S&mudeam profile, moves the
materials to the cooler (outer) region. The chepiltzay force causes the mass
diffusion of phosphorous due to a concentratiordigrat induced by the depletion of
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phosphorous at the free surface. [24] The maximemsile stress found at the center
of our fs laser machined grooves (2 JciBO0 fs) is about 4 times higher than the
stress value of + 0.32 GPa reported by J. Bons#. 1.8 J/cr, 130 fs) [2]. The
different stress values most likely arise from th#ferent laser machining process
consisting of multiple laser pulse irradiation. \liéhcutting grooves on InP wafer
surface, the same laser spot position has beatatea by ~ 10 pulses in this study,
rather than a single or double pulse in [2].

The uniaxial strain values estimated from Ramansomements are much higher than
the shear strain induced by crystal plane distoréistimated by the SXRT images. It
should be noted that the SXRT information is frdm tnP crystal to the depths of
many tens of micrometers underneath rather than the the poly-InP layer within a
70 nm depth from the surface measured by Ramairepeapy.

Inside the laser machined grooves, the averageildessess is higher with
femtosecond laser pulse durations and higher [aglse energies. The uniformity of
uniaxial strain distribution inside the groovedates been found to be improved by
femtosecond laser machining methods.

Groove: No.1 No.2 No.3 No.4
_ 130 130
Pulse Duration 8ns 8ns
fs fs
Pulse Energyi) 1 0.35 1 0.35
Laser peak fluences (J/ém ~2 ~07 -2 ~0.7
- 220
Maximum rotated angle of crystal pIaI[, ) 174 054 035 0.24

around [100] (mrad)

Width of poly-crystallized InP layer on top surface
across the groovegrf)

Width of distorted crystal region underneath sugfac
across the groovegrf)

Depth of shear strained crystal regigpmy >20 >20 -- --

Shear stress magnitude of distorted InP crystaliabo
106.2 33.4 222 141

1482 9 20 10

32 28 24

the grooves (MPa)
Tensile stress magnitude in poly-crystalline Infeta

1.16 0.863 145 1.24
on top (GPa)

Table 1: The SXRT and micro-Raman results summary for the faser machined
grooves

5. Conclusion:
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We have studied a set of femtosecond and nanosdéaserdmachined grooves on one
(001) InP substrate using synchrotron x-ray toppolgya(SXRT) and micro-Raman
SpectroscopyuRS). A three-dimensioned map of strain about theowgs running
from the recrystallized poly-crystalline layer ohettop surface through to the
distorted crystal substrate hundreds of micrometdesp underneath has been
analyzed non-destructively.

With our current laser machining parameter setapyitésecond laser machining has
been found to compress the (001) crystal planetahewgrooves while ns laser pulses
tilted the (001) crystal plane towards the surfaod left the same area in tension
instead. The reversed sign of shear strain digtabwon both sides of laser machined
grooves using ns and fs laser pulse can be cortluslag SXRT method, which is in
good agreement with the measurement results ofatagéed degree of polarization
(ROP) photoluminescence (PL) technique, a desueid¢tol used in strain analysis
for direct band-gap semiconductors. [5]

For both femtosecond and nanosecond cases, thke tetingss on the top surface was
much bigger than the shear stress magnitude isubsurface distorted crystal and
was localized in a much smaller volume, a thin tayferesolidified poly-InP on the
groove surface.

The magnitude of crystal plane distortion and thdthlivof the shear strained regions
tens of micrometers below the femtosecond lasehmad grooves was smaller than
the nanosecond counterparts with the same pulsgyeniée uniformity of uniaxial
tensile stress distribution on the groove surfacas wmproved when using
femtosecond laser pulse, which can be relatedetéetis interaction between laser and
ablated materials. However, according to the mRaoaan results, the average tensile
stress on the machined groove surface was sligidhyer for femtosecond laser pulse
durations and higher laser pulse energies.
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