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An in-line monitoring system for ultra-short pulsed (USP) laser ablation was developed and as-
sessed to two-dimensionally map the complete removal of a thin film. This method enables single
pulse resolved monitoring based on Laser Induced Breakdown Spectroscopy (LIBS) for pulse repeti-
tion rates of up to 4 MHz. The transition from one 1.5 pm thin layer to another during laser ablation
was detected. The mapping with Energy-dispersive X-ray Spectroscopy and our method are in very
good agreement. Furthermore, an enhancement of the signal contrast was achieved with GHz bursts.
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1. Introduction

In this study, we present an in-line process monitoring
method for ultrashort-pulse laser structuring of thin-film
systems. A single laser pulse both ablates material and sim-
ultaneously detects chemical elements in the resulting
plasma. While laser-induced breakdown spectroscopy
(LIBS) based on plasma emission is well established, single-
pulse measurements at MHz repetition rates are required and,
to date, have not been reported. Our system enables spatial
mapping of specific elemental content during laser structur-
ing, enabling closed-loop process control.

We use thin-film ablation as a relevant case study. The
stack comprises Nickel (Ni) and Nickel-Chromium (NiCr)
layers with nonuniform thicknesses and similar ablation
thresholds. We spatially map plasma emission to identify re-
gions where the top Ni layer is not fully removed and then
selectively reprocess only those regions. This cycle is re-
peated until the Ni layer is completely ablated.

In LIBS, a laser pulse generates a plasma that emits a
continuum via bremsstrahlung and radiative recombination;
this continuum depends on plasma temperature and density
and decays as the plasma expands and cools. For ultrashort-
pulse excitation, the continuum typically decays within
~30 ns and is cooler than in short-pulse, reheated plasmas
[1-4]. As electrons relax to lower energy states, they emit
photons at characteristic wavelengths; the corresponding en-
ergy levels are well known for each element [5,6]. A second,
time-delayed pulse (tens of picoseconds to a few nanosec-
onds) can reheat the plasma and enhance line emission [7,8].

Surface mapping with LIBS has been demonstrated pre-
viously, but with a primarily quantitative focus and sampling
rates up to 1 kHz using strongly focusing collection optics
[9-14].

Our goal is to demonstrate concurrent material ablation
and spatially resolved, single-pulse resolved LIBS at indus-
trially relevant conditions—specifically, single-pulse resolu-
tion at >0.1 MHz and fluences near the ablation-efficiency
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optimum. Prior approaches are unsuitable for in-line, single-
pulse monitoring due to their low sampling rates and nonop-
timal fluences for surface structuring.
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Fig. 1 Ablation of the Chair of Laser Technology’s logo. The
color encodes the 520.6 nm line emission intensity of Chromium.
Higher line emissions indicate the presence of Chromium. The ab-
lation was performed with 60 pJ pulse energy, 50 % pulse- and
line-overlap and with 300 kHz repetition rate at a > beam diame-
ter of 14 um. After every laser pulse the resulting line emission
was recorded. Each pixel is one such measurement

2. Methods and Materials

First, we identified a sensor and emission line that enable
single-pulse-resolved (spr) LIBS without integrating over
multiple pulses. The emission line had to be strong and spec-
trally isolated to neighboring Nickel (Ni) or Chromium (Cr)
lines and lie within a region of high detector responsivity.
Conventional LIBS was performed to establish reference
spectra and select a suitable emission line.
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The conceived monitoring setup for spr-LIBS was then
validated. The Cr to Ni and Cr to continuum emission ratio
at the selected wavelength had to be high, independent of
processing parameters, such as pulse energy, number of
bursts, polarization or pulse duration. Furthermore, the sys-
tem’s sensitivity, even for line emission measurements of
single pulses, was assessed.

Finally, we ablated two thin-film systems and, after each
raster pass, produced spatial maps of the intensity of the se-
lected Cr emission line on a per-pulse basis.

2.1 Material

Ni, Cr and Nickel-Chromium (Ni80Cr20, 80 wt.-% Ni,
20 wt.-% Cr) sputter targets (99.9 % purity, Kurt Lesker)
were used for conventional LIBS and the signal intensity op-
timization experiments.
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Fig. 2 Cross sections
(right).

Two thin film systems were utilized (Fig. 2) for the spa-
tial mapping experiments:

- Ni80Cr20 film (~20 pm thick) on an Aluminum-Oxide
(AL,O3, 200 pm thick) insulation layer on another
Ni80Cr20 film serving as adhesion layer between the
steel substrate and the insulation layer.

- Ni (1.5 um thick) on Ni80Cr20 (1.5 pm thick) on an
AlLOs insulation layer on a steel substrate.

The second film system was produced with physical vapor

deposition and the first by thermal spraying. The ablation

threshold of Ni and Ni80Cr20 is 0.11 J/cm?.

Based on conventional LIBS results for Ni and
Ni80Cr20, a monitoring setup was designed and coaxially
integrated with the processing setup (Fig. 3). It consists of a
backside-polished high reflection mirror for 1030 nm center
wavelength, a high reflection mirror for 515 nm center
wavelength and an optical bandpass filter (520 nm center
wavelength, 20 nm FWHM). Since high repetition rates are

necessary, a full spectrum cannot be recorded for every pulse.

Therefore, a single amplified avalanche photodiode
(APD13A2, Thorlabs) was employed to monitor the selected
emission line of Cr at 520.6 nm. The signal was recorded
with an oscilloscope (PD 5640, PicoScope). It was triggered
by the laser’s pulse picker.

The processing setup consists of a laser source (Pharos
and Carbide, Light Conversion), a galvanometer scanner
(excelliSCAN 20, ScanLab) and a F-Theta scanning optic
(=100 mm, Sill). The scanner mirrors are broadband coated
(400 — 1100 nm). Their movement does not influence the re-
cording of the line emission. At a scan-speed of 4000 m/s,
the monitored position shifts by 1 um, which is much
smaller than the ablation diameter of ~30 pum.
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Fig. 3 Monitoring and processing setup.

2.2 Methods
The plasma emission spectra (conventional LIBS) of Ni
and Ni80Cr20 during ultra-short pulsed laser ablation were
recorded with an HR2000+ spectrometer (Ocean Optics).

The ablation was performed at 1030 nm wavelength (Pharos,

Light Conversion). The signal was integrated for 10 s. The

laser was scanned across the sample with a 90 % pulse over-

lap with different pulse energies, ranging from 20 pJ to

200 pJ.

The spectrometer does not measure absolute intensities,
which are required to select a sufficiently sensitive detector.
Therefore, the following steps are performed to determine
absolute intensities:

1. Measure the relative integrated intensity of the line
emission and the continuum emission within the band-
pass region of the filter between wavelengths A; and 2.

2. Determine the plasma temperature T according to the
Boltzmann distribution plot method [15,16].

3. Calculate the absolute radiance of a blackbody with the
previously estimated temperature. The plasma surface
area A is assumed to be a half sphere with a diameter
equal to the ablation diameter D and an emissivity of 1.
The incident radiance on the sensor is limited by the
transmission of the individual components within the
monitoring system and the solid angle of the scanning
optics, subsumed in factor L(4), which depends on the
wavelength A:

A2

L(A)-

M

2mhc? 1
15 ehc/GkpT) —

S= AdA. (1)

1

4. Determine the absolute radiance of the spectral line
from the absolute continuum emission radiance previ-
ously estimated and the ratio of the line emission and
the continuum emission determined in step 1.
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The following experiments were performed with a suit-
able sensor and the previously described processing and
monitoring setup (Fig. 3). The 520.6 nm Cr emission line in-
tensity was recorded with the monitoring setup at a sample
rate of 5 GHz. The received signal was, as commonly per-
formed in LIBS, integrated after a delay time of 48 ns, to
filter out the plasma continuum emission (Fig. 7). For each
data point the signals of 30 pulses were averaged.

We measured the influence of GHz bursts, as well as the
pulse energy, the pulse duration and the polarization on the
line emission intensity. The previously mentioned Ni80Cr20
and Ni sputter target were used for ablation and calibration
of the monitoring setup.

For the spatial Cr distribution mapping, the Cr line emis-
sion intensity was measured as before. Furthermore, the cur-
rent position of the laser beam on the sample was recorded
in parallel to the line emission signal.

The Ni80Cr20 film in film system 1 was ablated with 60
uJ pulse energy and a pulse- and line-overlap of 50% and
25%, respectively. The e beam diameter was 28 pum and the
peak fluence was 19 J/cm?. The spr-LIBS spatial Cr distri-
bution was compared to a spatially resolved energy disper-
sive X-ray spectroscopy (EDX, QUANTAX EDS, Bruker
nano GmbH) analysis of the Cr distribution. The resulting
2D spr-LIBS intensity map was binarized with a threshold
of 30 % of the maximal signal and the edges were detected
with a Canny filter.

The films system 2 was ablated with the same parame-
ters except the beam diameter. It was decreased to 14 um to
increase the resolution. After every second layer the emis-
sion intensity was averaged over the ablated area and the ab-
lation depth was measured with a laser scanning microscope
(LSM, VK-9700, Keyence).

The monitoring setup was altered by introducing a po-
larizing beam-splitter and a A/4 plate to circularly polarize
the beam. It was noted that on polished samples the back-
reflection triggers a second pulse from the laser source, in-
cident on the sample with a delay of 8.5 ns. By passing the
M4 plates two times, the laser beam’s polarization is changed
from p- to s-polarized and subsequently deflected by the po-
larizing beam-splitter. Thus, back-reflections into the source
are prevented.

3. Results

Based on the recorded plasma emissions (Fig. 4), the
520.6 nm Cr emission line for the transition 3d5(6S)4p—
3d5(6S)4s was selected for further discrimination between
Ni80Cr20 and Ni. The plasma temperature was determined
to be 5670 K (Fig. 10) with the peaks listed in Table 1. The
ablation diameter was 32 pm. The solid angle of the lens was
0.005 and the transmissivity of the system was ca. 60 %.
This resulted in an absolute average radiance of 1 pW for the
continuum emission and 489 nW for the line emission. The
sensor is required to output a minimal 5 mV signal for 1 %
of the previously calculated value. Therefore, a sensor with
a sensitivity of >10° V/W is required. The final monitoring
setup was validated and neither the incident laser radiation
nor other plasma emission lines were detected.
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Fig. 4 Recorded LIBS spectrum with background emission re-
moved.

The signal intensity for spr-LIBS at the 520.6 nm Cr
emission line increased linearly with an increasing pulse en-
ergy. The slope was 0.06 V-ns/uJ. GHz bursts significantly
increased the plasma emission intensity of Ni80Cr20 com-
pared to Ni. For bursts with two sub-pulses the strongest in-
tensity increase was observed. By increasing the number of
pulses within the burst, no further increase was observed
(Fig. 5). The inter-pulse temporal separation within the burst
was 400 ps.
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Fig. 5 Influence of the number of sub-pulses in a GHz burst on the
emission signal (top). To avoid oversaturating the APD, the pulse
energy was reduced to 30 pJ. For assessing the influence of the
pulse duration (bottom) 120 pJ pulse energy was used.

As expected, the polarization angle did not change the
emission intensity since the laser beam is incident perpen-
dicular to the sample (Fig. 11). Circularly polarized laser ra-
diation enhanced the continuum emission, but the line emis-
sion intensity did not change.

For film system 2 the low line-overlap of 25 % results in
a rough ablated area (S,=2.9 pm, Sq=0.59 pm). The meas-
ured Cr content increases with the ablated average depth and
saturates at 3 um average depth (Fig. 6d). For film system 1,
a very good agreement between our method (spr-LIBS) and
EDX was found (Fig. 6a+b).
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Fig. 6 EDX (a) and spr-LIBS (b) qualitative Cr mapping of the same laser ablated region for film system 1. The white lines are the de-
tected edges of the binarized spr-LIBS signal. ¢) Cross section perpendicular to the scan direction after 12 scans for film system 2. The
blue color encodes Ni80Cr20 and grey Ni. The red striped area highlights the volume below 1.5 um. d) The average line emissions for the
average depth at each layer (black) and the volume below 1.5 pm for each layer as depicted in ¢). The black line is a fit to the line emis-

sion signal according to equation (5).

4. Discussion

The measured (~1 V) and theoretical LIBS plasma sig-
nals (0.6 V) are in good agreement. Other contributors to the
signal other than the selected emission line are ruled out. The
measured and the estimated photodiode voltage are in good
agreement. However, the plasma temperature measured in
this experiment might be estimated too high. A high pulse
overlap was used for recording the spectra which might have
increased the plasma temperature because of heat accumula-
tion.
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Fig. 7 Typical APD response on the plasma emission. The contin-
uum emission is not taken into account by using a gate delay of
48 ns and a gate width of 200 ns.

Fig. 7 depicts the typical signal evolution recorded by
the avalanche photodiode. First, a strong signal is observed
which is attributed to the continuum emission. Then the
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plasma cools and the signal intensity decreases. For Ni, the
signal even reaches negative values before a second peak is
observed. This is attributed to the detecting RLC-circuit,
consisting of a load resistor (R), a junction capacitance (C)
and inductance (L). The observed signal is the typical tran-
sient response of an underdamped RLC circuit to a step input.
The input in this case is the photodiode’s response to the rap-
idly evolving continuum plasma. For NiCr, however, this
typical response is overlapped by the line emission, which
begins to evolve slower than the continuum emission but ra-
diates longer. After around 50 ns the Ni’s signal had van-
ished but the NiCr’s signal was still present. This signal is
associated with the line emission. Gating and integration of
the detected signal is typically performed for LIBS. A gate
delay of 48 ns and a gating window length of 200 ns has
proven suitable for the present case.

The observed signal intensity enhancement for spr-LIBS
generated with GHz bursts is in good agreement with other
studies. An increasing pulse energy results in more, hotter
plasma [4,17,18]. Bursts have been found previously to en-
hance the line emission intensity [2,8]. Subsequent pulses in
a GHz burst reheat the already emerging plasma which in
turn facilitates a stronger line emission [7,8].

Circularly polarized light was found to either enhance
[19] or diminish the line intensity [20]. The plasma temper-
ature increases for circular polarized excitation radiation
[19]. In this work an increase in continuum emission was
observed and a reduced line emission. The intensity of other
emissions lines of either Ni or Cr might have been enhanced.
However, the contribution of any emission line, except the
520.6 nm Cr emission line, was ruled out qua design and ad-
ditionally the continuum emission was filtered out. Hence,
only the 520.6 nm Cr emission line contributed to the signal.
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Therefore, no signal enhancement for Ni was observed and
any signal can be confidentially attributed to Cr.

The spr-LIBS resolution is low compared to the EDX
analysis. EDX typically has a beam diameter of 1 um,
whereas the spr- LIBS ablation diameter is ca. 38 pum.
Smaller patches of remaining Ni80Cr20 could not be de-
tected. Moreover, the resolution is limited by the low pulse-
and line overlap over 50 % and 25 %, respectively.

For film system 2 the transition from Ni to NiCr could
be resolved. However, because of the low line-overlap a dis-
tinct sinusoidal pattern is observable perpendicular to the
scan-direction (Fig. 6¢). More Cr is detected at deeper parts.
The average measured Cr content thereby resembles an av-
erage Cr content across multiple depths. For each layer, the
volume, which is deeper than 1.5 pm (Figure 6) was meas-
ured. This resembles very accurately the measured Cr signal
(Figure 7) and thereby confirms the former assumption.

The Cr content cc; in relation to the depth d is assumed
to follow a distribution described by a Heaviside function H
with the onset of the Ni80Cr20 layer at do:

Cer = Cero H(d — do). (2)

The depth distribution D in one layer is described by a
Gaussian distribution with the roughness value S,.

d

D~ de %, ©)

With the convolution theorem, one yields the expected aver-
age signal S for a given depth d:

S~ FHF{D} * Flcer}}- 4

By absorbing all constant and ccrpinto A and accounting for
a signal offset C, the signal is obtained by

d_do
Sq )

The fit predicts the onset of the Ni80Cr20 film at do
1.44 um and Sy = 0.33 pm. At deeper average depths, the
deepest parts have already reached the isolating Al,Os film
and thus do not contribute to the Cr line emission. The as-
sumption for the depth distribution becomes invalid and the
model differs from the measured signal.

The Chair of Laser Technology’s logo (Fig. 1) was
scanned with 50 % line overlap, resulting in a smoother sur-
face. It was scanned from left to right. Therefore, heat has
accumulated at the right side, resulting in a deeper ablation,
which in turn is mirrored by the Cr line emission. More Cr
is detected on the right side as compared to the left side.

spr-LIBS is applicable for in-line monitoring of qualita-
tive element detection. The state of the art in terms of sam-
pling frequency has been exceeded by a factor of 200, even
though the laser source was eventually limiting higher pulse
repetition rates. The signal was integrated up to 250 ns after
the laser pulse. Therefore, a theoretical pulse repetition rate
of 4 MHz should be possible. However, interaction of the
ejection plume of a previous pulse might influence the signal
at such high repetition rates. Moreover, the redeposition of
ejected particles could influence the signal. On the other
hand, this might be seen as a chance to clean such deposits
with an additional pass.

S=C+Awf( (5
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The proposed system also lacks adaptability. A further
upgrade could be the inclusion of a grating with multiple
APDs. Still, the versatility of a CCD sensor is unmatched.
Additionally, non-overlapping emission lines must be pre-
sent. The storage capability of the oscilloscope limits the
processable areas. Almost 1 Gb of data is saved for a
2 mm x 2 mm area for 200 kHz repetition rate and a scan
speed of 2000 m/s. With an electronic circuit, which gates
and integrates the signal, the required data could be reduced
by a factor of 50 000. If the plasma emission remains in fo-
cus even at the scan field edges was not tested.

Even though, the spatial resolution increases with de-
creasing beam diameter, a reduction to previously used beam
diameters [9,12,14] is not commercially viable.

5. Conclusion

We have proven that ultra-fast in-line detection based on
LIBS is possible. Laser ablation results in specific line emis-
sion, which was detected for every individual pulse at a rep-
etition rate of 200 kHz. The qualitative spatially resolved Cr
content measurement with our method — single pulse re-
solved LIBS — was in very good agreement with EDX deter-
mined Cr distribution. Moreover, our method was expanded
to 3D detection. The transition from a Ni to a Ni80Cr20 thin
film was measured during laser ablation.
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Fig. 9 Ni spectrum with removed background and detected peaks

used for the Boltzmann plot method.

Table 1 Necessary data for the Boltzmann plot [16]

Center Peak Listed A Ey Tk 9k
Wave-  Inten- Wave- [s71 [eV]

length sity length

[nm] [a.u.] [nm]

471.1 206.1 471442 4.60E+07  6.0091 5 1
4757 86.7 475652 1.50E+07  6.0859 4 ;
4784 71.6 478.654  1.80E+07  6.0091 5 1
482.6 107.6 482903 1.90E+07 6.1089 3 ;
485.8 1245 485541 5.70E+07 6.0949 2 5
4904 89.5 490441 6.20E+07 6.0694 1 3
491.8 90.5 491.836  2.30E+07  6.3611 3 7
4932 1119 493583 2.40E+07 64522 2 5
501 179.7  501.246 1.10E+07 6.1716 3 7
502.8 2643 503537 5.70E+07  6.0969 4 9
507.4 3404  508.052 3.20E+07 6.0949 5 1
511.1 1943  511.54 220E+07 62570 4 ;
5134 2409  513.708 8.60E+05 4.0893 1 3
515.2 161.1 515576 2.90E+07 63024 3 7
542.7 98.4 543.587 1.90E+05 42661 1 3
546.8 5033  547.691 9.50E+06 4.0893 1 3
556.8 80.6 557.873 9.80E+04 3.8983 2 5
558.7 140 558.786  2.20E+05 4.1536 3 7
560.9 100 559228 1.10E+05 4.1672 2 5
565.9 136 566402 1.10E+07 6.7263 3 7
570.5 86.5 570956  2.00E+05 3.8474 3 7
576 98 576.085 3.50E+06 6.2570 4 9
589.2 94.2 589.288 2.90E+05 4.0893 1 3
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Fig. 10 Boltzmann plot for Ni.
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