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Femtosecond laser ablation of indium phosphide in air:
dynamical, structural and morphological evolution
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The irradiation of single-crystalline indium phosphide (c-InP) by Ti:sapphire femtosecond laser pulses (130 fs, 800 nm) in air
is studied by means of in-situ time resolved reflectivity measurements [fs-time-resolved microscopy (100 fs-10 ns) and point
probing analysis (ns - ps)] and by complementary ex-situ surface analytical methods (Micro Raman Spectroscopy,
Scanning Force, and Optical Microscopy). The dynamics of melting, ablation, and optical breakdown as well as structural
changes resulting from rapid solidification are investigated in detail. Different laser-induced surface morphologies are
characterized and discussed on the basis of recent ablation and optical breakdown models.
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1. Introduction

Indium phosphide (InP) is a -V compound
semiconductor that is finding ever increasing applications
in the field of ultra-high-speed optoelectronics [1].
Recently, the behavior of this material upon irradiation
with femtosecond laser pulses of ~65-180 fs duration and
at different wavelengths has been independently studied
by several different groups using complementary in-situ
[2-5] and ex-situ techniques [6-14].

The purpose of this paper is to provide a review of the
study of the dynamics of the melting, ablation and
resolidification processes in single-crystalline indium
phosphide upon femtosecond laser pulse irradiation. Using
fs-time-resolved (pump-probe) microscopy we have
investigated the temporal and spatial evolution of the
surface ablation process induced by single fs laser pulses.
This technique allows snapshots of the surface reflectivity
to be recorded at different time delays after the pulse has
reached the sample surface, providing micrometer spatial
and sub-ps temporal resolution covering a time span up to
10 ns. Complementary information has been obtained by
point-probing, real-time-reflectivity (RTR) measurements,
which cover a time span between ~1 ns and 2 ps.

The joint application of these two in-situ time-
resolved techniques along with complementary ex-situ
optical, scanning force microscopic surface
characterization and micro Raman spectroscopic
investigations allows us to gain new insights into the
optical breakdown occurring at the surface at high
excitation levels.

2. Experimental

The chirped pulse regenerative laser amplifier system
(Spectra Physics, Spitfire) used for irradiation provided
linearly polarized pulses of 130 fs duration at 800 nm
central wavelength (4o). At this photon energy (1.55 eV), a
direct interband transition can be induced in polished 400
pm thick single-crystalline (100)-InP by linear absorption
(American Xtal Technology, band gap energy 1.35 eV, n-
type, S-doped).

The InP wafer was placed in the focal plane of a lens
(f = 60 mm), forming an almost circular spot on the
sample surface. The laser beam was directed
perpendicularly onto the target surface. To a good
approximation, the central part of the beam can be
described by a Gaussian intensity distribution with a (1/e%)
radius of wy = 23 um. The laser fluence of the incident
light could be varied continuously by using a combination
of a half-wave plate and a linear polarizer. Its maximum
value ¢, at the centre of the illuminated spot, was adjusted
in the 0.24 - 5.5 J/cm? range. A computer controlled xyz-
translation stage allowed precise positioning of the wafer
and an electromechanical shutter provided the selection of
the desired number of pulses applied to the same spot on
the sample.

The first inspection of the irradiated surface regions
was done using an optical microscope in the differential
interference contrast (Nomarski) mode. A more detailed
characterization of topographical changes in the laser-
modified areas was performed by means of a scanning
force microscope (SFM) in contact mode.
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On selected irradiated regions, micro Raman
spectroscopy was used to probe the material structure. The
Raman spectra were recorded in 180°-backscattering
geometry  [experimental  polarization  arrangement
z(xX)Z] on samples oriented perpendicularly to the

excitation beam direction (z) with a DILOR XY-
spectrometer, equipped with a liquid nitrogen cooled
charge coupled device (CCD) multi channel detector
(wave number resolution ~1 cm™). The fs-laser pulse
modified surface regions were excited using the 514.5 nm
emission line of a continuous wave (cw) Ar'-laser
operated at a power level of 5 mW. The laser radiation was
focused on the sample surface by a 50x microscope
objective illuminating a circular area of approximately
2 um in diameter. Using the known optical properties of
c-InP, one can estimate that a surface layer of
approximately 45 nm thickness has been probed by the
Raman spectroscopy system.

The temporal and spatial evolution of the surface
reflectivity upon laser irradiation was measured at the
C.S.I.C. using a fs-time-resolved microscopy (fs-TRM)
setup described in detail elsewhere [15]. Briefly, the s-
polarized laser beam was focused onto the sample at an
angle of incidence of 54° to a Gaussian elliptical spot size
of 100x60 pm? (1/e*-diameter). The irradiation was
performed in air and each surface region was irradiated
only once. A fraction of the pump pulse was split off and
frequency-doubled to 400 nm (Agone) and used as a low-
intensity probe pulse to illuminate the sample at normal
incidence. The sample surface was then imaged onto a 12-
bit CCD camera using a long working distance microscope
objective (20x, numerical aperture = 0.4) and a tube lens (f
=200 mm), with a 10 nm bandpass filter centered at Ayope
placed in the imaging path. The reflectivity images
corresponding to different pump and probe pulse delays
(A7) have been normalized by the reflectivity images Rq of
the non-excited crystalline material at the probe-
wavelength via AR/R:=[R(A1)-R¢])/Ro. The estimated
experimental uncertainty in AR/R at Ayope is ~0.05. The
temporal resolution of the fs-TRM setup is ~500 fs.

In order to analyze the surface reflectivity changes
over longer time scales from the ps- to the ps-range, a
complementary approach has been used. It is essentially
based on the fs-TRM setup and can be used with small
modifications to  perform  real-time reflectivity
measurements (RTR) by means of a fast photodiode
coupled to an oscilloscope (time resolution of a few ns). In
that approach, the 400 nm fs-probe beam was substituted
by a probing cw Ar*-laser beam (514.5 nm). This laser
beam was focussed into the center of the laser excited spot
(2wo~1 pm Gaussian diameter at the surface). The back-
reflected probe beam signal was recollimated, spectrally
separated from other radiation contributions and analyzed
by means of the photodiode. As in the case of fs-TRM, the
normalized surface reflectivity change AR/R has been
calculated using the reflectivity value of the undisturbed
surface. The uncertainty in AR/R is ~0.03 for the
photodiode measurements. Additional details regarding the
RTR setup can be found in Ref. [15].

3. Results and discussion

Fig. 1 shows a collage of several optical microscope
images (Nomarski mode) of areas of an (100)-InP wafer
surface which were irradiated at different peak fluence
values and different numbers of laser pulses applied to the
same spot. The craters were obtained with one, five and
ten pulses at a constant peak fluence of 0.24 J/cm? (Fig. 1,
1.1 - 1.3), 0.39 J/cm? (Fig. 1, 2.1 - 2.3), 1.8 J/em? (Fig. 1,
3.1-3.3) and 2.9 J/cm? (Fig. 1, 4.1 - 4.3), respectively.

Fig. 1. Optical microscope images of the spots on the

(100)-InP surface irradiated with a femtosecond laser

(r=130fs, 4o =2800nm) in air. The rows correlate to

the peak fluence (¢y = 0.24 J/cm?, 0.39 J/cm?, 1.8 Jfcm?,

and 2.9 J/cm?) and the columns to the pulse number
(N=1,5,10).

Single-pulse irradiation at the lowest fluence (N = 1,
¢ = 0.24 Jlcm?) resulted in uniformly modified spots
which appear brighter than their surrounding (Fig. 1, 1.1).
Since amorphous InP has a higher reflectivity than
crystalline InP in most of the visible spectral range, this
observation suggests that the semiconductor surface has
been melted by the fs-laser pulse and resolidified in an
amorphous state (zone A). An additional fine ring of
resolidified material (rim) bordering the ablation craters
(zone B) is formed at intermediate fluences (Fig. 1, 2.1 -
4.1). At even higher fluences, an additional feature (zone
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C) is visible in the center of the ablation craters (Fig. 1, 3.1
and 4.1).

The surface morphology of craters ablated with
multiple laser pulses exhibits characteristic laser-induced-
periodic surface structures (LIPSS, ripples; see for
example the micrographs 1.2 and 2.2, or 1.3 and 2.3 in
Fig. 1). The average ripple period is close to the laser
central wavelength of about 4, = 800 nm. Such features
are commonly formed when linearly polarized laser
radiation is used. The orientation of the ripples, resulting
from the interference of the incident light with the light
scattered on the surface inhomogeneities, favors the
direction perpendicular to the polarization of the laser
light. Details of the formation of such LIPSS on InP
surfaces upon fs-laser pulse irradiations have been already
studied in detail [10,13,14,16] .
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Fig. 2. Micro Raman spectra [(@) and (b)] from two
different regions in a single-pulse irradiated (100)-InP-
surface area (= 130 fs, A, = 800 nm, ¢ = 0.24 J/icm?).
The surface regions probed by the micro Raman
spectroscopy (Pos. 1 and 2) are marked in the
corresponding Nomarski optical micrograph in (c).

In order to test the hypothesis of laser-induced
amorphization and to investigate changes in the material
structure in detail, the single-laser pulse irradiated spots
have been investigated by micro Raman spectroscopy.
Figure 2 shows Raman spectra obtained from a reference
location of the non-irradiated single-crystalline wafer
material [Fig. 2(a)] and from the center of the spot
irradiated at the lowest peak fluence value of 0.24 J/cm?
[Fig. 2(b), comp. Fig. 1, 1.1].

In the reference spectrum of the untreated (100)-InP
surface [Fig. 2(a), Position 1], several first- and second-
order Raman lines are visible [17,18]. The first-order
longitudinal ~ optical (LO)  phonon-peak  appears
approximately at 344.5 cm™. At 355 cm™ a strong peak
appears, which is attributed to the LO-phonon—plasmon
coupled mode (LOPCM: L* branch). In the chosen
excitation geometry, the transversal optical (TO) phonon-
peak is forbidden by the Raman selection rules in (100)-
InP. Therefore, this peak exhibits a very low intensity at
306 cm™. The second-order Raman peaks appear between
620 and 690 cm™ (2TO: 620 cm™, LO+TO: 653 cm™,
2L0: 686 cm™).

A significantly different Raman spectrum was
obtained from locations within the center of the laser-
modified spot [Fig. 2(b), Position 2]. The spectrum
appears predominantly smooth with two dominant broad
features around 300 and 440 cm™, which are typical for
amorphous indium phosphide (a-InP). Hence, the micro
Raman spectroscopy confirms that the increased surface
reflectivity in the laser irradiated spots is caused by
superficial amorphization. Additionally, two peaks (of the
LO and the TO phonon modes) of nearly equal intensity
are superimposed to the broad bands generated by the
amorphous  material, indicating that also some
polycrystalline material has been formed upon fs laser
pulse irradiation. This can be seen from the peak
deconvolution shown in the wave number range between
220 cm™ and 360 cm™ in Fig. 2(b), where three Lorentzian
peaks have been fitted to the experimental data. The LO
and the TO phonon peaks both have a full width at half
maximum (FWHM) of 13 cm™. Since, for the unaffected
single-crystalline InP wafer material in the chosen
geometry, the TO peak is forbidden by Raman selection
rules, the nearly identical intensities of the LO and the TO
phonon peaks indicate that some statistically oriented
grains with sizes between 4 and 5 nanometers [19] have
been formed wupon rapid solidification. Such a
polycrystalline material structure has been also observed
after fs-laser pulse irradiation by transmission electron
microscopy, showing crystallite sizes in the few nanometer
range [8].

For single-pulse irradiation at peak fluences larger
than 0.24 J/cm?, additional ring shaped features have been
observed in optical microscopy (comp. Fig. 1, 2.1 - 4.1)
and have been investigated by means of Scanning Force
Microscopy. Figure 3 shows a collage of optical
micrographs [(@) and (b)] along with the corresponding
SFM topography images [(e) and (f)] of ablation craters
formed upon irradiation with peak fluences of 0.58 J/cm?
and 2.4 Jlcm? respectively. Cross-sections [Fig. 3(c) and
3(d)] through the SFM topography images reveal
significant differences in the crater shape formed at the
different fluence levels. At 0.58 J/cm?, a smooth 32 um
wide crater of maximum ~80 nm depth has formed at the
surface [Fig. 3(c)]. It is evident from the topography image
that no material removal takes place in zone A (outside of
the rim, see Fig. 1) where the optical reflectivity is
increased [see the vertical dashed lines in Figs. 3(a), 3(c),
and 3(e)].
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Fig. 3. Craters in a (100)-InP surface processed with
single fs laser pulses (z = 130 fs, 4o = 800 nm) in air at
two different peak fluences of 0.58 J/cm? [(a),(c),(e)] and
2.4 Jfcm? [(b),(d),(N], respectively. (a) and (b) show
Nomarski optical micrographs, () and (f) the
corresponding SFM-topography images, and (c) and (d)
show cross sections along the white dashed lines in (e)
and (f). Note that in (c) and (d) the scale in the lateral
directions is more than 250 times larger than in the
direction normal to the target surface. Also note the
different image scales between the left and the right
column.

In contrast, at 2.4 Jlcm?, the ablated crater has an
outer diameter of 48 pum and a maximum depth of 115 nm.
Surprisingly, a step-like profile (of ~40 nm height) is
superimposed in the center to the Gaussian-like crater
profile. As a consequence, the deepest crater regions are
located within a ring [Fig. 3(d)].

As previously investigated by micro Raman
spectroscopy,  this  central ~ protrusion  consists
predominantly of polycrystalline InP (pc-InP) material
with randomly oriented crystallites having sizes between 4
and 10 nm [7]. Moreover, the formation of the central
protrusion exhibits a sharp threshold behaviour (1.3 J/cm?
for normal incident fs laser pulses; data not shown here,
for details see Ref. [7]).

In order to gain additional insights in the spatio-
temporal  dynamics of melting, ablation and
resolidification of fs-laser irradiated c-InP, fs-TRM has
been used to take snapshots of the surface reflectivity in
the temporal range between 400 fs and 8 ns [5].

(b)

Fig. 4. Surface reflectivity images at 400 nm of a (100)-

InP surface at different times (400 fs — 8 ns) after the

exposure to the pump laser pulse for two different peak

fluences in the ablative regime (a) 0.44 J/cm? and

(b) 2.56 Jicm? [z= 130 fs, 4o = 800 nm]. The images

labelled with “o“ show the permanent surface
modifications.
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Already 400 fs after the impact of the pump pulse, an
increase of the surface reflectivity can be seen in the
central region of both irradiated spots [Figs. 4(a)-(b)],
which can be attributed to non-thermal melting (NTM)
[20]. This phenomenon is caused by the generation of an
electron-hole plasma in the conduction band, with high
carrier densities leading to a destabilisation of the lattice
structure within hundreds of femtoseconds [21]. At 1 ps
delay, the same qualitative picture is seen at both peak
fluences but the reflectivity has significantly raised
towards the level of molten InP. Between 1 ps and 10 ps,
the surface reflectivity starts to decrease in the center of
the irradiated spots. This decrease is indicative of the onset
of ablation [22]. At 100 ps delay, a very dark central
region can be seen where almost no light is reflected since
absorption and scattering in the ablating material
efficiently shield the surface from the probe beam
radiation. This central region is surrounded by a bright
ring of molten material which exhibits an increased
reflectivity. The borderline between both regions coincides
with the edge of the ablation crater, which is visible at
long time delays (several seconds, Fig. 4, o).

At delay times between 100 ps and 1 ns, a
characteristic transient ring pattern is visible in the region
where ablation takes place. The nature of these rings has
been studied already in detail in other materials. It has
been associated with an optical interference -effect
(dynamically moving Newton fringes) [22]. Interestingly,
the transient ring pattern disappears at a delay time of 8 ns.
However, the surface reflectivity is still decreased
compared to the permanent reflectivity images indicating
that the probe beam radiation is still interacting with
ablating material (Fig. 4, 8 ns). As it has been shown in a
previous publication for germanium [15], the origin of the
disappearance of the ring pattern at high fluences or long
delay times (> 1 ns) lies in the decreasing sharpness of the
interfaces of the ablating layer. Also at 8 ns delay, a
striking difference between spots irradiated at different
peak fluences can be seen. At low fluences [0.44 J/cm?,
Fig. 4(a)], the central ablation area appears relatively
uniform. Increasing the peak fluence, another ablation
regime appears. This is visible at the highest fluence value
[2.56 J/cm? Fig. 4(b)], where the time span of strong
ablation is reduced in the center of the spot. In
comparison, ablation lasts longer in an annular region
around it.

The images of the permanent surface modification
induced at low fluences, taken several seconds after the
pump pulse irradiation (Fig. 4, ) show the sharp
borderline of the ablation crater. Around this crater, a ring
of permanently decreased reflectivity can be observed,
which is caused by a thin amorphous layer with a
thickness of a few tens of nanometers formed on the
surface as consequence of melting and solidification
within tens of ns [3]. At the highest peak fluence value of
2.56 J/cm?, additional features are observed in the central
regions of the crater [Fig. 4(b) only]. Its diameter
coincides with the inner boundary of the ring of material
still ablating after 8 ns delay. This observation is
consistent with the behaviour of the material upon

irradiation at normal incidence and comparable laser
parameters (c.f. Fig. 3).

In order to investigate the dynamics of the formation
of the central protrusion in more detail, RTR
measurements have been performed on the ns- to ps-
timescale by probing the surface reflectivity in the center
of the fs-laser pulse irradiated spots. Figure 5 shows the
normalized surface reflectivity for three different peak
fluences in the ablative regime (0.41 Jicm? [Fig. 5(a)];
0.65 Jcm? [Fig. 5(b)] and 2.77 Jicm? [Fig. 5(c)]) as
recorded by a photodiode detection system.
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Fig. 5. Normalized surface reflectivity (at 514.5 nm) in

the center of the fs-laser pulse irradiated spots (100)-InP

as a function of time, as measured with a photodiode for

three different pump fluence levels [(a) ¢ = 0.41 J/cm?;

(b) ¢ =0.65Jdcm* (c) ¢ = 2.77 Jlem®; 7 = 130 fs,
Ao =800 nm].

The photodiode traces reveal a complex behaviour of
the surface reflectivity. Interestingly, there is a striking
difference in the reflectivity transients caused for fluences
below [Figs. 5(a) and (b)] and above [Fig. 5(c)] the
threshold for the formation of the central protrusion. In the
latter case, the surface reflectivity raises within a few tens
of nanosecond towards the level of molten InP, indicating
that the shielding of the probe beam by ablating material
occurs for a significantly shorter time here.

All observations, i.e., (i) the ablation dynamics at long
time scales as observed by fs-TRM [Fig. 4(b), 8 ns] and
RTR measurements [Fig. 5(c)], (ii) the central protrusion
within crater profile [Fig. 3(f)], and (iii) the threshold
behavior for the occurrence of this central feature can be
explained by optical breakdown at the surface and the
formation of a high density plasma during the pulse: The
cumulative effect of linear and nonlinear absorption along
with impact ionization leads to a drastic decrease of the
effective energy deposition depth of the fs laser radiation.
A very large amount of the laser pulse energy is deposited
in a very thin layer close to the InP surface. Due to the
high energy density within this layer, the material is
rapidly carried away from the surface, leaving behind less-
excited material underneath, which does not significantly
ablate at longer time scales in the ns-ps range.
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Consequently, a shallower crater is formed in the central
region exceeding the optical breakdown threshold.
Recently, a similar scenario has been proposed by
Stojanovic et al. [23] in order to explain the shape of
crater profiles of GaAs ablated by single fs laser pulse in
air (620 nm, 100 fs, 45°). Their threshold value of 1.2
Jlem? is very close to the threshold of 1.3 J /cm? found
here for the material InP (for normally incident radiation)
[5,7].

4. Conclusions

In summary, we have studied the temporal dynamics
of melting, ablation, and resolidification upon single 800
nm femtosecond laser pulse irradiation of single-
crystalline indium phosphide in air. Femtosecond time-
resolved microscopic imaging and complementary point
probing real-time-resolved reflectivity measurements
allowed a characterization of the process dynamics in a
time span covering more than seven orders of magnitude
(100 fs up to 2 ps). Complementary post-irradiation
analyses by scanning force microscopy and micro Raman
spectroscopy have provided additional insights into the
morphological alteration of the irradiated surfaces as well
as into structural changes (such as amorphization)
occurring upon rapid solidification.

Our results revisit the few previous studies on
ultrafast phase transitions in indium phosphide and
provide - on longer time scales - additional insights in the
ablation process: for laser pulses with fluences slightly
exceeding the ablation threshold, reflectivity oscillations
(caused by a transient Newton-fringe pattern) have been
observed which vanish between 1 and 8 ns (even if
ablation still takes place). At high fluences exceeding six
times the ablation threshold, evidence is presented that
optical breakdown occurs at the surface, which effectively
reduces the energy deposition depth of the fs laser
radiation and leads to shallower ablation craters in the
center of the spots. Due to the high energy content within
the excited region, this finally leads to large velocities of
the high density ablation plasma and consequently to a
reduced duration of ablation in the central region of the
irradiated spot.
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