
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

On the damage behaviour of Al<
sub>2</sub>O<sub>3</sub>
insulating layers in thin film
systems for the fabrication of
sputtered strain gauges

Oliver  Suttmann, Ulrich  Klug, Rainer  Kling

Oliver  Suttmann, Ulrich  Klug, Rainer  Kling, "On the damage behaviour of
Al<sub>2</sub>O<sub>3</sub> insulating layers in thin film
systems for the fabrication of sputtered strain gauges," Proc. SPIE 7925,
Frontiers in Ultrafast Optics: Biomedical, Scientific, and Industrial Applications
XI, 792515 (11 February 2011); doi: 10.1117/12.876134

Event: SPIE LASE, 2011, San Francisco, California, United States

Downloaded From: https://proceedings.spiedigitallibrary.org/conference-proceedings-of-spie on 6/14/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

On the damage behaviour of Al2O3 insulating layers in thin film 
systems for the fabrication of sputtered strain gauges  

 
Oliver Suttmann*a, Ulrich Kluga, Rainer Klinga 

aLaser Zentrum Hannover e.V., Hollerithallee 8, 30419 Hannover, Germany; 

ABSTRACT 

We report on ablation experiments of sputter deposited thin film systems of NiCr and Al2O3 for the fabrication of strain 
sensors. To ensure proper functionality of the electrical circuits, the metal film has to be selectively removed while 
damage in the Al2O3 films has to be avoided. Damage thresholds of the Al2O3 layer are investigated and damage 
mechanisms are discussed. Damage thresholds decrease with increasing number of scans until reaching a constant value. 
The processing window defined as the ratio of Al2O3 damage threshold and NiCr ablation threshold increases with 
increasing film thickness and number of scans. 
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1. INTRODUCTION  
1.1 Motivation 

Strain Measurement is highly important for mechanically stressed components. Reliable long-live strain sensors allow 
for strain monitoring and safety applications in automotive, aviation and medical industry. Strain measurement is often 
performed by foil strain gauges. These sensors consist of a polymer carrier foil and a metallic conductor, and are fixed on 
the work piece by adhesives. The adhesives limit the lifetime of the sensors, due to ambient conditions such as high 
temperatures and humidity which cause degradation of the sensor adhesion and therefore sensor performance. Hence, 
foil strain gauges cannot be applied where on the one hand temperature changes might cause condensation and therefore 
degradation of the adhesion and on the other hand sensors with a lifetime longer than ten years are required as in the 
aviation industry.  

The limitation caused by the used adhesives can be circumvented by deposition of a thin film system directly onto the 
work piece. Patterning of sensing geometries can be realized by means of photolithography. The direct application 
without use of any adhesives increases the life time of the sensors and enables strain measurement in harsh environments 
[1-3]. Directly deposited strain sensors lead for the introduction of strain sensors into automotive industry [4]. Today, the 
injection pressure of common rail diesel engines is controlled by thin film pressure sensors. Patterning of the sensors by 
means of photolithography causes new limitations. The most important limitation is the restriction to flat surfaces. Thus, 
strain measurement cannot be performed on work-pieces which are by definition non-flat such as shafts or bearings. 
Another limitation caused by photolithographic patterning is the restriction to mass production. Manufacturing of 
photolithographic masks is a driver for fixed costs and requires mass production to achieve low average product costs. 
Hence, direct deposited strain sensors on low lot size products, such as prothesises for the medical industry, are not 
available yet. Laser ablation is an alternative manufacturing technology to pattern thin film strain gauges and enables for 
the efficient patterning on three dimensional surfaces and low lot sizes. In order to realize the patterning of thin film 
strain gauges, a detailed processing knowledge for the ablation of thin film systems is required. 

The aim of the presented experiments is to describe the effect of laser parameters and film thickness on the damage 
behavior and to identify appearing damage mechanisms, in order to develop a processing strategy for the manufacturing 
of laser patterned thin film strain gauges. 
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1.2 Scientific background 

One way to overcome the limitations of the photolithographic patterning is the use of ultra short pulsed lasers. They 
allow for the processing of metal without thermal input and appearance of melting. Heating of metals after irradiation by 
ultra short laser pulses cannot be described by conventional heat conduction. Due to the very short heating times, the so-
called Two-temperature model has been introduced [5]. Two systems with diverging temperatures are proposed in this 
model. This is (i) the electron temperature and (ii) the lattice temperature (phonon). Both systems can be described by 
separate heat conduction equations which are coupled by a term, describing the electron-phonon coupling. The 
processing or ablation of thin metal films has been investigated thoroughly [6-7]. These investigations have been 
concentrated on point ablations in order to determine physical constants, such as the electron-phonon coupling constant g 
and the critical film thicknesses, which can be ablated by single laser pulses. Although these results are very valuable for 
the understanding of ultra short pulse phenomena, they are restricted to only a few elements, e.g. Au and Ni. The 
complexity of the experiments does not allow for determination of all important industrially used elements and alloys. A 
more pragmatic approach has been used to describe the behavior of NiCr, which is commonly used for strain gauges [8]. 
Our previous work delivered the following conclusion: the critical film thickness permitting entire removal of the NiCr 
film with a single picosecond pulse is below 50 nm. Thus, single pulse ablation of films with typical thicknesses for 
strain gauges, which are in the range of 150 nm, is not possible. A multiple pulse ablation process has to be applied. 
Therefore, the incubation effect proposed by Jee 

11 −= S
threshthresh n)(F)n(F            (1) 

describing the decrease of the ablation threshold with increasing number of pulses has to be accounted for [9]. Typical 
ablation thresholds have been determined to be smaller than 0.15 J/cm² for a 150 nm NiCr film and hundred applied 
pulses [8]. 

Laser irradiation of dielectric films has been investigated thoroughly for the characterization of optical coatings. In this 
field, damage of the dielectric films results in failure of the optical component. Consequently, the laser induced damage 
threshold (LIDT) has been investigated. The used materials (Al2O3, SiO2 etc.) are in most cases optically transparent in 
the visible range. Thus, the LIDT are expected to be higher than determined in numerous experiments. DeShazer 
identified a defect driven damage mechanism to be the reason for this example [11]. Assuming the optical film contains 
imperfections or defects which absorb light much better than the material itself, irradiation of those defects will lead to 
the damage of the film, even if the intrinsic damage threshold of the material is higher than the applied fluence. This 
behavior has been expressed by the following equation: 

idthres F)]w(P[F)(PF 00 1−+= ω ,         (2) 

with Fthresh being the damage threshold, P(ω0) the probability of hitting a defect, Fd the extrinsic damage threshold of the 
defect and Fi the intrinsic damage threshold of the material. The damage threshold is a function of the spot diameter and 
the defect density. 

The ablation of transparent dielectrics with ultra short laser pulses has been investigated for bulk material in the first 
place. For the ablation of SiO2 another incubation model, which can be applied to other dielectrics, has been introduced:  

)N(k
threshthreshthreshthresh e)](F)(F[)(F)n(F 11 −−∞−+∞=        (3) 

with Fthresh(n) the ablation threshold for N pulses, Fthresh(1) for a single pulse, Fthresh(∞) for infinite pulses and k an 
empirical determined incubation coefficient [12]. The incubation effect is caused by the creation and accumulation of 
defects inside the transparent ceramic through incident laser pulses. Created defects cause significantly improved 
absorption and initiate ablation for the trailing pulse. The required minimum fluence to initiate ablation is Fthresh(∞). 
Ablation of Al2O3 with femtosecond laser pulses has been investigated by other researchers. The ablation thresholds for 
irradiation with 100 pulses have been identified to be 1.5 J/cm² for a beam radius of approximately 9µm [12] and 
0.25 J/cm² for a spot radius of approximately 15 µm [13]. The large difference of the published ablation thresholds can 
be explained by two reasons according to the defect driven damage model of DeShazer: (i) different defect densities of 
the Al2O3 samples which have been fabricated in different ways and (ii) the different focal radii. 

Nevertheless, it can be concluded, that the ablation thresholds for bulk Al2O3 are significantly higher than the ablation 
thresholds of NiCr thin films. Thus, it should be expected that selective removal of the NiCr film from Al2O3 film should 
be possible. Depending on the different incubation behaviour of both materials, the processing window for ablation of 
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NiCr without damaging the Al2O3 film might depend on the number of applied pulses. The effect of the Al2O3 film 
thickness on the patterning parameters is investigated in order to reduce the deposition time, which is one of the main 
cost drivers for the fabrication of strain gauges. 

2. EXPERIMENTAL SETUP 
The experiments are executed on a commercial available beam source with a pulse duration of 15 ps (LUMERA LASER 
RAPID). The wavelength is 532 nm. This wavelength is preferred over the fundamental wavelength because of smaller 
focus size and preferred over the third harmonic because better conversion efficiency. The beam is focused using an f-
theta lens with 100 mm focal length. The focus diameter is determined using an optical caustic measuring system 
(Primes GmbH MicroSpotMonitor (MSM)). In order to determine suitable laser parameters for the patterning of strain 
gauges, the fluence and repetitions are varied. The laser parameters are summarized in Table 1.  

Table 1: Laser parameter 

Wavelength λ 532 nm 
Pulse duration τp 15 ps 
Focal length lfoc 100 mm 
Focal radius ω0 8.37 µm 
Pulse repetition rate frep 100 kHz 
Scanning velocity vscan 200 mm/s 
Energy per pulse Ep 0.1 µJ … 5 µJ 
Peak fluence H0 0.077 J/cm²…3.8 J/cm² 
Number of scans nscan 1 … 50 
After performing the line ablations, the samples are examined by visual and scanning electron microscopy. The number 
of pulses hitting each spot, when using line scans is calculated by: 

scan
scan

Rep
pulse n

v
f

n 02ω
=            (4) 

With repetition rate fRep, scanning velocity vscan and number of scans nscan. The effective number of irradiating pulses per 
scan calculated from the chosen laser parameters is 8.37. 

3. RESULTS AND DISCUSSION 

Fig. 1 depicts typical SEM images of lines scanned with two repetitions and different fluence levels. The processed line 
on the left shows partial ablation of the NiCr film but also remaining metal. Thus, patterning of sensors with these 

 
Fig. 1: SEM pictures of ablated lines on a 1.0 µm thin Al2O3 film, number of scans: n=2, fluence: I 0.45 J/cm²; II 
1.05 J/cm², II 1.61 J/cm² 
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parameters does not lead to galvanic isolation between sensor and the surrounding material. The remaining material 
depicts Laser induced periodic surface structures (LIPSS) and a fraction of the metal thin film in the center of the line 
appears to be resolidified from melt. An increase of the fluence from 0.45 J/cm² to 1.05 J/cm² leads to complete removal 
of the NiCr film. The SEM picture shows a continuous path free of NiCr. The subjacent Al2O3 layer shows no sign of 
damage or ablation. A further increase to 1.61 J/cm² results in an Al2O3 film removed continuously. The edge of the 
removed Al2O3 is jagged and seems to be delaminated form the substrate. Due to the appearance of the damaged Al2O3 
film, cracking and spalling might be a damage mechanism than pure ablation. The steel substrate below appears to be 
affected by the laser and LIPSS are present. 

The examination of the lines ablated with different fluences reveals three different fluence regimes 

I. Low fluence regime: the NiCr film is not completely removed 

II. Mediate fluences regime: the NiCr film is completely removed, the Al2O3 film is not visibly damaged 

III. High fluences regime: the NiCr film is completely removed and the Al2O3 film is damaged. 

Damage and ablation of the isolation layer bears the risk of short-cutting sensor film and work piece. Therefore, 
manufacturing of strain gauges requires an intact isolation layer. Thus laser parameters only in the mediate fluence 
regime are suitable patterning parameters. The mediate fluence regime will therefore be referred to as the processing 
window. 

In order to identify the processing window, the transitions between the fluence regimes have to be identified. The 
transition between regime I and regime II will be the ablation threshold of the NiCr layer. Identification of the ablation 
threshold of the NiCr film is performed by a modification of the so-called Liu plots [14], which are given by: 

)
F

Fln()F(D
thresh

2
0

2 2ω= ,          (5) 

with D the diameter of the ablated spot, ω0 the beam radius, the applied fluence F and the ablation threshold Fthresh. 
Fitting the ablated diameters squared to a logarithmic fit-function, permits to determine the ablation threshold, which is 
defined by the fluence with the ablated diameter D being zero. As a modification to adapt the method of Liu plots to line 
scans, the width of the ablated line is measured and fit instead of the diameter.  

The transition from regime II to regime III will be referred to as the damage threshold Al2O3, and is determined using 
dark field microscopy. Damage, like cracks and removed material can easily be detected by simple visual examination. 
Using this method only allows for the determination of discrete damage thresholds, representing the applied fluence 
levels.  

Fig. 2 depicts the ablation threshold of a 150 nm NiCr film deposited on an Al2O3 film with a thickness of 1.0 µm and 
the damage thresholds of the Al2O3 film. The number of scans is depicted on the bottom x-axis; the number of pulses 
according to equation (4) is depicted on the upper x-axis. For more than two scans or 50 pulses, the ablation threshold of 
the NiCr film follows the incubation model by Jee [9] and decreases with increasing numbers of pulses. Deviation for 
fewer pulses is caused by the ablation depth per pulse being significant below the film thickness. Determination of the 
ablation characteristics of NiCr is discussed elsewhere [8].  

The damage threshold of Al2O3 for two scans is significantly larger than for larger number of scans, where this value is 
constant. This behavior is in good agreement with the incubation model for dielectrics proposed by Ashkenasi [11] and 
indicates ablation to be the initial damage reason. Consequently, observed spalling and delamination seem to be 
processes appearing after initiating ablation and might be caused by internal stress inside the Al2O3 film. Our damage 
thresholds are well within the published range of ablation thresholds of Al2O3 bulk material [12, 13]. Damage thresholds 
of the Al2O3 film are always larger than the ablation threshold of the NiCr film. Therefore, patterning of NiCr on Al2O3 
thin films is possible independently of the number of scans applied. 

 

Proc. of SPIE Vol. 7925  792515-4

Downloaded From: https://proceedings.spiedigitallibrary.org/conference-proceedings-of-spie on 6/14/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

2 3 4 5 6 7 8 910 20 30 40 50
0,0

0,5

1,0

1,5

 II 

 I 

Fl
ue

nc
e 

(J
/c

m
²)

Number of scans

 Damage Threshold 1.0 µm Al2O3 
 Ablation Threshold 0.15 µm NiCr

III

20 40 60 80 100 200 400
Number of equivalent pulses

Fig. 2: Ablation threshold NiCr and damage threshold of a 1.0 µm Al2O3 film 

Fluctuation of the energy per pulse delivered by the beam source might lead to local damages of the Al2O3 film, although 
the average fluence is below the damage threshold. Therefore, the laser parameters have to be evaluated in order to 
identify the most robust patterning parameters with regard to the pulse to pulse stability of pulsed lasers, which is mostly 
specified as a percentage of the average energy per pulse. Therefore, the ratio of the Al2O3 damage threshold and the 
NiCr ablation threshold are chosen to define the size of the processing window instead of the algebraic difference. 

Fig. 3 depicts the damage thresholds of different Al2O3 film thicknesses in a double logarithmic plot. The logarithmic y-
axis permits an easy estimation of the ratio between Al2O3 damage and NiCr ablation threshold. The NiCr ablation 
thresholds are the same as used in Fig. 1. Al2O3 films thicker than 1 µm show increasing damage thresholds for 20 and 
less scans. The increase from 3.2 to 4.5 µm does not lead to an increase of the damage threshold. All film thicknesses 
have the same damage threshold for 50 scans.  

The increase of the damage threshold with film thickness for less than 50 scans might be explained by an increase of the 
ablation threshold of the Al2O3 film. According to DeShazer and Ashkensai, the ablation threshold can be explained by 
(i) a lower density of defects with increasing film thicknesses and (ii) a different incubation behavior of the different film 
thicknesses. Other side effects such as mechanical stress in the films change of the recristallization due to heat impact 
and surface modification of the subjacent steel substrate cannot be excluded. The reasons for the increase of the ablation 
threshold and the role of other side effects have to be determined by further investigations. 
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Fig. 3: Ablation threshold NiCr and damage threshold of Al2O3 films with different thickness 

Nevertheless, Fig. 3 also enables the evaluation of the size of the processing window (robustness) for the patterning of 
thin film strain gauges. The size of the processing window does not change significantly for the 1.0 µm Al2O3 film, when 
increasing the number of scans from two to five. A further increase of the number of scans leads to a clear increase of the 
size of the processing window. The increase of the number of scans leads to a decrease of the effective patterning 
velocity. Consequently, the robustness of the patterning process increases with a decreasing patterning velocity for the 
film thickness of 1.0 µm. The processing window for the 2.1 µm thick Al2O3 film is significantly larger for lower 
number of scans. In contrast to the 1.0µm film, the processing window does grow with the number of scans, and is equal 
to the size of the processing window of 1.0µm thick film for 50 scans. A further increase of the Al2O3 film thickness 
leads to a small increase of robustness for 10 and less scans. 

The size of the processing window can be increased by increasing the film thickness or the number of scans. The first 
way leads to an increased effort for the film deposition process and the second way for the laser patterning process. For 
high numbers of scans and consequently a low patterning velocity, the processing window is independent of the film 
thickness. Based on the assumption that the deposition process is a stronger cost driver than the laser patterning, a 
processing strategy with minimum film thickness and high number of applied scans is to be preferred. The determination 
of the optimum laser patterning strategy is only possible when the required minimum size of the processing window has 
been identified. 

4. CONCLUSIONS 
The damage behavior of thin Al2O3 films with a thickness of 1.0 to 4.5 µm deposited on steel substrates has been 
determined for the first time in order to derive a processing window for the patterning of thin film strain gauges. Three 
different fluence regimes have been identified. The transitions between those regimes are described by the ablation 
threshold of the top NiCr film and the damage threshold of the Al2O3 film. Only the mediate fluence regime allows for 
the patterning of thin film strain gauges. 
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SEM pictures of Al2O3 film damage indicate mechanical effects as spalling and delamination to take place in the damage 
process. The damage threshold of the Al2O3 film decreases with increasing number of laser scans until reaching a 
constant level. This behavior is in good agreement with the incubation model of dielectrics [11] and indicates ablation to 
be a driving factor causing the damage. A final evaluation of the role of ablation and other effects on the origin of the 
damage requires further experiments as well as the determination of temperatures inside the Al2O3 films. The damage 
thresholds of the Al2O3 films increase for low number of repetitions up to a film thickness of 3.2 µm. The damage 
thresholds for high numbers of scans are independent of the film thickness. 

The processing window, defined by the ratio between the damage threshold of Al2O3 and the ablation threshold of NiCr, 
increases with the Al2O3 film thickness and the number of scans. As long as the deposition process is a stronger cost 
driver than the laser patterning, a processing strategy with the deposition of the minimum thickness for the Al2O3 film 
and low patterning speed is the most cost efficient manufacturing strategy for thin film strain gauges. The determination 
of the optimum laser patterning strategy is only possible when the required minimum size of the processing window has 
been identified. 

5. ACKNOWLEDGMENTS 
The authors would like to thank the Federal German Ministry of Economics and Technology for financial support of this 
work through INNONET grant 16IN0726-3D-DMS. The authors would also like to thank Mr. Holger Gerdes from 
Fraunhofer IST for supply with thin film systems. 

REFERENCES 

[1] Gregory, O.J., Slot, A.B., Amons, P.S. and Crisman, E.E., “High temperature strain gages based on reactively 
sputtered A1Nx thin films,” Surface and Coatings Technology 88, 79-89 (1996). 

[2] Lei, J. F. and Will, H. A., “Thin-film thermocouples and strain-gauge technologies for engine applications,” 
Sensors and Actuators A 65, 187-193 (1998). 

[3] Lüthje, H.; Biehl, S.; Bandorf, R.: “Surface integrated thin film sensors for high precision measurement of 
temperature, wear, pressure and displacement in tribological contacts” Proceedings of the 6th International 
conference european society for precision engineering and nanotechnology, Volume 1, 329-332 (2006). 

[4] Scharping, A., [Einfluss der Materialeigenschaften und Fertigungstechnologie von Edelstahlsubstraten auf 
piezoresistive Dünnschichtsensoren], Institut für Materialprüfung, Werkstoffkunde und Festigkeitslehre 
(IMWF), Uiversität Stuttgart, 1-3 (2006). 

[5] Anisimov, S. I., Kapeliovich, B. L., Perelman, T. L.: “Electron emission from metal surfaces exposed to 
ultrashort laser pulses”, Soviet Physics-JETP. Vol. 39, 375-377(1974). 

[6] Güdde, J., Hohlfeld, J.,  Müller, J.G. and Matthias, E. , “Damage threshold dependence on electron-phonon 
coupling in Au and Ni Films,” Applied Surface Science 127-129, 40-45 (1998). 

[7] Hohlfeld, J., Wellershoff, S.-S., Güdde, J., Conrad, U., Jähnke, V. and Matthias, E. , “Electron and lattice 
dynamics following optical excitation of metals,” Chemical Physics 251, 237-258 (2000). 

[8] Suttmann, O., Gosselin, M., Klug, U. and Kling, R., “Picosecond laser patterning of NiCr thin film strain 
gages”, Proc. SPIE, Vol. 7589, 758914 (2010). 

[9] Jee, Y., Becker, M.F. and Walser, R.M., “Laser-induced damage on single-crystal metal surfaces,” J. Opt. Soc. 
Am. B Vol. 5, No. 3, 648-659 (1988). 

[10] DeShazer, L.G., Newman, B.E. and Leung, K.M., “Role of coating defects in laser-induced damage to dielectric 
thin films”, Appl. Phys. Lett. Vol. 23, No 11, 607-609 (1973). 

[11] Ashkenasi, D., Rosenfeld, A. and Stoian, R., “Laser-induced incubation in transparent materials and possible 
consequences for surface and bulk micro-structuring with ultra short pulses”, Proc. SPIE Vol. 4633, 90- 98 
(2002). 

[12] Kim. S.H., Sohn, I.B. and Jeong, S.,”Ablation characteristics of aluminium oxide and nitride ceramics during 
femtosecond laser machining”, Appl. Surf. Sci. Vol. 255, Issue 24, 9717-9720 (2004). 

[13] Wang, X.C., Lim, G.C., Zheng, H.Y., Ng, F.L., Liu, W. and Chia, S.J., “Femtosecond pulse laser ablation of 
spphire in ambient air”, Appl. Surf. Sci Vol. 228, 221-226 (2009). 

[14] Liu, J.M. , “Simple technique for measurements of pulsed Gaussian-beam spot sizes,” Optics Letters Vol. 7, No. 
5, 196-198 (1982). 

Proc. of SPIE Vol. 7925  792515-7

Downloaded From: https://proceedings.spiedigitallibrary.org/conference-proceedings-of-spie on 6/14/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


