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1 Introduction

This work is motivated by the need for a new material basis 
for pressure and strain sensors operating at elevated tem-
peratures. For this purpose, the advantage of excellent pie-
zoelectric properties of III-N compounds, especially gal-
lium nitride (GaN)-related heterostructures are attractive. 
AlGaN/GaN-based electronic devices can be effectively 
applied as sensing elements in such sensors. Recently, we 
have introduced an approach whereby the applied external 
dynamic force (or pressure) causes the change in a piezo-
electrically induced charge between the electrodes of a 
high electron mobility transistor (Vanko et al. 2011). How-
ever, the sensors described in (Vanko et al. 2011) were all 
manufactured on bulk substrate materials (mainly SiC). 
Only a few published articles mention the possibilities to 
apply AlGaN/GaN membranes (grown on SiC substrate) 
as MEMS sensors. Pearton et al. (2004) introduced similar 
pressure sensors made of a circular membrane of AlGaN/
GaN on a SiC substrate. These concepts are based on con-
ductance measurement and/or on nitride film deflection. 
Usually, the change in the density of the 2-dimensional 
electron gas (2DEG) confined at the AlGaN/GaN interface 
as a consequence of the applied strain is presented (Kang 
et al. 2003, 2004) as the main reason for the change in con-
ductance. In the fabrication process of the proposed MEMS 
sensors, the key issue is the creation of appropriate dia-
phragms necessary for the realization of their multi-sensing 
properties. Conventional reactive ion etching (RIE) method 
suffers from low etch rates and the complicated masking 
procedures. We verified the feasibility of the fabrication 
of micro mechanic structures in bulk SiC substrates with 
epitaxial AlN/GaN/AlGaN/GaN heterostructures by femto-
second laser ablation at 520 nm wavelength in combination 
with RIE for pressure sensor applications. On a 4H-SiC 
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substrate, we produced an array of 250 µm deep and 
500 µm diameter blind holes without damaging the adja-
cent layer of heterostructures. It was shown that 4H-SiC 
80 µm thick diaphragms can be fabricated five times faster 
with laser ablation in comparison to (RIE) (Vanko et al. 
2013). We now also investigate ferroelectric thin films as 
they can be deposited and micro-patterned by a direct UV-
lithography method after the ablation process for a specific 
membrane design (Benkler et al. 2014). The risk to harm or 
damage the function of thin films can be eliminated by that 
fabrication procedure. In addition, this offers the opportu-
nity to use alternative materials for sensor substrates like 
sapphire, ceramic or even glass. However, in order to cre-
ate thin membranes without RIE, intense leaking of laser 
radiation from the ablation area has to be minimized by 
maintaining a smooth ablation surface during the entire 
ablation process so that backside damage is suppressed. 
Some ablation-related defects are also affected by the 
polarization of the laser light. The ripple structure in SiC 
is oriented perpendicularly to the laser polarization (Tomita 
et al. 2007) and we believe that ripples to some extent pro-
mote the creation of pinholes, which would perforate a thin 
membrane. We developed an ablation technique strongly 
inhibiting formation of ripples and pinholes for membranes 
of higher quality entirely produced by laser ablation in SiC. 
Ultra short pulsed laser ablation can fabricate diaphragms 
with a thickness of more than 20 µm in a variety of materi-
als five times faster than RIE.

2  Device technology and laser ablation processing

2.1  Laser processing system

For experiments we used mainly the ultrafast laser “Spirit” 
from Spectra-Physics Rankweil, delivering an average 
power of 4.0 W at 1040 nm and 200 kHz repetition rate 
with a pulse length of 380 fs; the system delivers also sec-
ond harmonic (SH) at 520 nm, where we get about 1.5 W at 
100 mm focal length of the telecentric scanner optics. The 
maximum pulse energy was E = 10 µJ and the focus radius 
was w0 = 6 µm. The Spirit was integrated in a laser pro-
cessing machine (3D-Micromac, microSTRUCT vario).

The laser beam was linearly polarized and in some 
experiments, the direction of the polarization was altered 
by 90° during scanning or the sample was rotated.

2.2  Sensor design and technology

The heterostructures for the transistor processing technol-
ogy were grown on a 350 µm thick 4H-SiC substrate using 
a proprietary nucleation layer. It consists of a 1.7 µm thick 
Fe-doped GaN buffer followed by an unintentionally doped 

17 nm thin AlGaN (with a 29.5 % Al mole fraction) barrier 
and a thin, 3 nm GaN cap epitaxial layer shown in Fig. 1a. 
The proposed sensing devices utilize the piezoelectric prop-
erties of the active AlGaN barrier layer and are formed by 
two different types of metallization schemes, which act as 
the sensing (charge collecting) electrodes. First, the ohmic 
contacts of the C-HEMTs (circular-high electron mobility 
transistors) using an Nb/Ti/Al/Ni/Au metallization scheme 
were deposited by electron beam and thermal evaporation 
techniques and annealed at 850 °C for 35 s. As a second 
step, metallization based on Ni/Au layers was employed as 
the Schottky gate electrode. Finally, Ti/Au metallic layers 
are patterned on the top of the alloyed ohmic and Schottky 
contact metallization layers to improve the device bonding 
and interconnection.

Piezoelectric polarization in the AlGaN/GaN hetero-
structure layer can be changed by an external action. This 
means that a change in the density of the (2DEG), located 
at the AlGaN/GaN interface, takes place. As a result, the 
HEMT conductivity can be influenced by external strain. 
Thus HEMTs based on AlGaN/GaN heterostructures have 
appeared to be excellent candidates for pressure sens-
ing (Kang et al. 2003, 2004). The piezoelectric response 

Fig. 1  a Detailed cross-section view of the proposed heterostructure 
layer grown on SiC substrate and b SEM micrograph of the damaged 
metallization after ablation process
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to external mechanical loading was investigated and veri-
fied. Functionality of the proposed circular diaphragms was 
evaluated at room temperature and low static and dynamic 
pressure loading (Dzuba et al. 2015).

Backside damage of the material structure during the 
ablation process was a serious threat for membrane abla-
tion. Within ten consecutive scans the metallized backside 
of the sensor device was usually destroyed as can be seen 
in the picture in Fig. 1b. However, on average we required 
about 1000 scans to obtain the desired depth for membrane 
fabrication and that forced us to change the manufactur-
ing procedure. We used a plain substrate with the epitaxial 
grown functional layer only and the first technological step 
was the laser ablation as close as possible to the backside 
(exit side of the laser beam after ablation on front side) in 
order to produce thin membranes or to reduce the material 
thickness to be removed in case a subsequent RIE process is 
required (than masking was the first step). Whatever case it 
is essential that the ablated surface remains flat and straight 
for every single laser ablation scan as any tiny obstacle cre-
ated on the ablated surface will couple light towards the 
backside where it can cause damage. In particular, 3C-SiC 
was very sensitive against pinhole formation and backside 
damage, as can be seen in Fig. 2 the pictures on the right 
side. Backside damage was also a threat for 4H-SiC coated 
with the AlGaN/GaN heterostructure layer but pinhole for-
mation was much easier to control due to the bigger laser 
parameter window. A reason for that effect might be the 
higher purity and quality of the 4H-SiC substrate. As for 
a backup technology should a required membrane thick-
ness be out of reach with the epitaxial layer on the back 
side of SiC, we started to investigate lead strontium titanate 
thin PST (Pb0.4Sr0.6TiO3) film systems on sapphire, ceramic 
and glass. These films can be applied after laser ablation 
and the risk for backside damage is reduced. The PST films 
were manufactured using a polymer-based deposition and 
patterning direct UV-lithographic process. We reported this 
process in detail in a publication (Benkler et al. 2014). Due 
to the simple sol synthesis and the straightforward process, 
this method is an interesting alternative to other deposi-
tion and patterning processes. For these reasons, this pro-
cess was used to manufacture micro-patterned ferroelectric 
films on top of the membranes produced by laser ablation. 
An additional advantage is that there is no need to use a 
specific substrate material for crystal lattice matching with 
the functional membrane layer.

2.3  Thin membrane fabrication by laser ablation

We present procedures and results for the fabrication of 
diaphragms with various thicknesses and diameters in bulk 
sapphire, Al2O3-ceramic, borosilicate glass and SiC with 
epitaxial AlN/GaN/AlGaN heterostructure layers. Some 

possible damage mechanism and its cause in the process of 
fs-ablation are qualitatively analysed, summarized and visu-
alised in Fig. 2. Due to the complex interaction of various 
laser parameters it is very helpful to get a general view and 
understanding to target effectively the parameter and pro-
cess optimization in the ablation procedure. In our optimized 
laser ablation procedure, the membrane quality did not dete-
riorate from pinhole formation, and backside damage.

We used polycarbonate (PC) and glass to visualize 
critical geometries, cause and consequences from leaking 

Fig. 2  Left picture column, growing surface roughness with increas-
ing ablation depth in PC, left bottom picture show color centers in 
glass indicating the radiation loss. Right picture column, shows corre-
sponding backside damage and pinhole formation all in SiC as a con-
sequence of the leaking radiation. The upper and the fourth picture 
show the bottom of a bore from the front-side
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laser radiation hitting the back side of the sample. In PC, 
we ablated cavities with different depth and laser radiation 
penetrating into the bulk generated birefringence, in glass 
induced color-centers made leaking laser light visible as a 
shade emerging from the side wall of the bore (Fig. 2 left 
undermost picture). In five different PC sample cross sec-
tions the growing surface roughness during the ablation 
progression becomes viewable (Fig. 2 left pictures) and 
the consequence of increased coupling of laser radiation 
into the bulk via pinholes is demonstrated. Starting with a 
shallow bore at the top of Fig. 2, the ablation area shows 
uniform surface quality all over; only the corners indicate 
radiation loss to the bulk. Deeper bores produced by big-
ger numbers of scans show an increase of surface rough-
ness, pinhole formation and general quality deteriorates 
at the bottom of the bore as well at the side wall. Using 
a polarization microscope one can visualize the radiation 
dose-related birefringence (bluish pictures on the left); the 
dose coupled into the bulk is growing in the pictures at the 
left side of Fig. 2 from the first shallow bore at the top to 
the forth deepest bore which shows an enlarged detail sec-
tion at the bottom with heavy pinhole formation. The pro-
gression of laser scanning increases surface roughness and 
promotes finally pinhole formation. As a consequence, a 
higher part of the laser light is not utilized for ablation but 
launched deep into the material where it heats up the bulk 
and causes strain and birefringence as well as damage on 
the back side of the sample. Our investigations in (Zehetner 
et al. 2015) revealed that this problem of pinhole formation 
is severe mainly in 3C-SiC and places less stringent limita-
tions in 4H-SiC. The last row of pictures in Fig. 2 shows 
the leakage of radiation from the sidewall of the bore in the 
cross section of a glass sample (left picture undermost row) 
and the corresponding damage (right picture undermost 
row) at the back side of a 3C-SiC sample. The pictures 
in the second and third row of the right column in Fig. 2 
show the corona like damage at the back side in 3C-SiC. 
The corona is asymmetric due to the Brewster effect and 
related to the losses from the side wall, the round center 
damage is caused by direct laser light transmission through 
the bottom.

Above observations imply that leaking of laser light 
from the ablation area has to be minimized by maintaining 
a smooth pattern surface during the entire ablation process 
in order to suppress the backside damage. We realized that 
small pinholes are first formed in the corner of the bore in 
the direction perpendicular to the polarization direction. 
Later they can appear all over the surface. Laser light is 
coupled very effectively to the back side of the sample via 
these pinholes causing heavy surface damage. There are 
no or at least a very few such small holes in the polariza-
tion direction and we made the observation that pinholes 
are formed primarily in metals and semiconductors, when 

laser-induced periodic surface structures (LIPSS) are at 
some positions disrupted by scratches, particles or a side 
wall. The mechanism of such pinhole formation in SiC is 
yet not completely clear. Our hypothesis to explain the spa-
tial relation between LIPSS, scratches and pinholes in SiC 
is the high refractive index and the small dimension of the 
LIPSS (100–800 nm period with about 50–200 nm slots in 
between). The assumption is that LIPSS in SiC might serve 
as slot waveguides, scratches, other obstacles or a bore wall 
can lead to field enhancement. We generated also LIPSS 
on steel scratched samples and predominately on locations 
where scratches on the surface crossed and disrupted the 
LIPSS we observed strong pinhole formation, equal results 
were reported in research on the influence of the surface 
finish on the generation of LIPPS (Preutsch et al. 2015; 
Hou et al. 2011). This slot waveguide approach is addition-
ally supported by the fact that we had no problem with pin-
holes in material with lower refractive index like sapphire, 
Al2O3-ceramic or glass; although LIPSS are formed they 
would not function as slot waveguides. We observed them 
mainly in SiC, Si and metals. We did some simulations 
on slot waveguides and the results showed increased field 
intensity at the beginning of the slot and this is in agree-
ment with the mentioned observations. However, to rule 
out that pinhole formation is not highly influenced by the 
scanning mode (xy-grid, rotating xy-grid, arbitrary direc-
tion, or rotating sample), focus position or laser power we 
did some further experiments.

In the first experiments, the focus was set on top of the 
sample with about 400 µm thickness (upper row of Fig. 3) 
in the middle (middle row) and on the bottom (bottom 
row). In all three cases the laser power was 350 mW and 
resulted in an ablation depth of approximately 200 µm for 
all three focus positions. The final ablated surface posi-
tion when the focus was set in the middle of the sample 
was than exactly in the focus plane. We used a xy scan-
ning pattern with 5 µm hatch. This pattern was graphically 
rotated in 15° increments after one finished scan (sample 
position was fixed) and at every increment the polariza-
tion was in the left to right x direction (parallel to the 0° 
starting direction of the x-axis of the rotating scan grid). 
The results of the surface quality are shown in the right 
column of Fig. 3. Only the test with the focus position in 
the middle of the sample developed damage on the mem-
brane in an area close to the bore wall perpendicular to 
the polarization direction (indicated by red arrows and an 
enlarged picture of this position is shown in Fig. 5). LIPSS 
are also orientated perpendicular to the linear polarized 
laser light and the damage is generated in an area were the 
LIPSS (slot waveguides) are disturbed and blocked by the 
side wall of the bore. No pinholes have been observed on 
the rest of the membrane. The depth of the bore is close 
to 200 µm; that means the laser fluence at the finished 
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membrane surface is higher (approximately in the focus 
plane) with respect to the two other test positions, which 
are both about 200 µm out of focus plane. It means that 
the quality influencing parameter is not the focus position 
but the laser power or fluence on the surface of the finished 
membrane. In addition, in case the LIPSS are involved 
in the surface damage formation, the quality should be 
improved for the focus position in the middle of the sam-
ple when the linearly polarized light is in rotation or flip-
ping from x to y direction during the scanning procedure. 
As the LIPSS are generated perpendicular to the linearly 
polarized laser, changing direction would destroy con-
tinuously the LIPSS from the preceding scan and hence 
pinholes have no time to grow to a bigger size, they will 
stay at nanometer dimensions. This was exactly what we 
observed. Figure 3 left column shows the results from the 
xy-flipping polarization. The quality in the middle picture 
row shows significant improvement of the surface and 
there is no visible damage in the area close to the bore wall 
(better evidence is shown in the enlarged picture in Fig. 5). 
The upper and bottom rows have about the same quality, 
as the fluence to generate pinholes was not obtained at any 
position in the out of the focus plane. To be sure that the 
fluence and the polarization are the critical parameters for 

pinhole formation, we set up an additional test; the results 
are given in Fig. 4.

In all the experiments shown in Fig. 4, the focus plane 
was fixed in the middle of the sample. One test series was 
made again with a rotating scanning pattern at 15° incre-
ments and a constant polarization orientation in x-direction 
(right column Fig. 4). The reference test was made with 
additional polarization flipping from x- to y-orientation 
back and forward during the ablation procedure, results 
are given in the left column Fig. 4). We used here different 
laser power settings beginning with 150, 300, and 470 mW. 
The maximum power setting is 120 mW increased with 
respect to the 350 mW in the previous experiments. In case 
there is a threshold for the pinhole formation, the damage 
at fixed polarization orientation should be more distinctive 
and the pinholes spread over a bigger area on the mem-
brane. Reduction of damage with respect to the test at fixed 
polarization orientated in x-direction and inhibited pinhole 
formation in the test with changing polarization direc-
tion would again strongly indicate that LIPSS are heav-
ily involved in pinhole formation in SiC membranes. The 
obtained results were accordingly to our expectations. Up 
to a laser power of 300 mW the surface quality of the mem-
branes is similar at fixed polarization (Fig. 4 right column) 

Fig. 3  Parameters on test are polarization and focus position. Left 
colomn represents the results with flipped polarization between x- 
and y-axis, right column shows fixed polarization along x-axis. Focus 
position on upper sample surface (top picture row), in the middle of 
sample (middle pictures) and the sample bottom (bottom picture row)

Fig. 4  The parameters on test are laser power and polarization. Focus 
position is fixed in the middle of the sample. Left picture column 
represents results with flipped x-, y-polarization, right column gives 
results with fixed polarization in x-direction
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and changing polarization direction (Fig. 4 left column). 
No pinholes were observed on the membrane and only lit-
tle damage in the region close to the wall of the bore. At 
changing polarization condition, the results were only 
slightly better. Increase of the power to 470 mW caused 
heavy damage at fixed polarization mainly perpendicular 
to the orientation of the polarization (red arrow mark). The 
generated LIPSS are in there orientation pointing towards 
this damage region supporting our slot waveguide hypoth-
esis (more enlarged pictures depict the LIPSS in Fig. 6). At 
fixed polarization and 470 mW, pinholes occurred all over 
the membrane, they are only 3–5 µm in diameter and the 
lower right picture in Fig. 5 shows them enlarged together 
with the damage area close to the bore wall. The upper right 
picture in Fig. 5 shows the center area as well as a slightly 
damaged area close to the wall of the bore (indicated by red 
arrows) with a fixed polarization in x-direction at 350 mW 
and the picture in the middle at 470 mW of laser power. 
There are no pinholes in the center area of the membrane at 
350 mW ablation power that means there is threshold flu-
ence for pinhole formation. Changing polarization during 

ablation even at 470 mW laser power leads to a significant 
reduction of the damage in the corner area of the bore and 
eliminates the formation of the pinholes on the membrane 
(Fig. 4 left bottom picture and Fig. 5 left pictures in the 
middle and bottom row enlarged). We can conclude that 
pinhole formation has a higher threshold when the polari-
zation direction is permanently changed after each scan and 
that LIPSS are very much involved in the process of pin-
hole formation. The parameter window for the laser power 
can be increased by permanently changing the orientation 
of the polarization which improves quality and stability of 
the ablation process, this is very important for the fabrica-
tion of thin membranes. LIPSS on SiC are formed perpen-
dicular to the polarization direction at the very first scan 
but will be disordered in a single subsequent scan at altered 
polarization direction. However, according to our experi-
ments pinholes require several scans to grow and conse-
quently polarization flipping contributes effective to avoid 
them. In addition, we observed that formation of pinholes 
starts more likely when LIPSS are interrupted by obstacles, 
scratches or particles from debris on the membrane. When 
LIPSS are reorganized in a new direction at sufficient short 
time these obstacles move out of function and the pinholes 
cannot continue to grow. This supports also our assumption 
that on high refractive index material LIPSS act as a slot 
waveguide. First simulations indicate the same conclusion.

At 470 mW ablation power pinholes evolved all over 
the membrane not only in the corner area. Figure 6 upper 
left picture gives an impression from the pinhole distribu-
tion in the center area of the membrane. Further increase of 

Fig. 5  Results in 3C-SiC for a xy-scanning pattern rotating at 15° 
increments, at fixed polarization in x-direction (right picture column), 
slight damage in the arrow marked corner area at 350 mW without 
pinholes in the membrane (upper picture), heavy damage at 470 mW 
in at the arrow marked position and pinholes all over the membrane 
(middle and lower picture). Damage reduction by flipped polariza-
tion at same laser parameter (left column), at any laser power reduced 
damage in the corner area and no pinholes in the membrane

Fig. 6  All pictures are from 3C-SiC samples. Upper left picture 
shows pinholes in the center area of the membrane. Upper right pic-
ture depicts a single pinhole surrounded by LIPSS. Lower left picture 
shows the corner area and LIPSS in a bore short time before pinhole 
formation. Lower right picture gives the results with a rotating sam-
ple LIPSS, pinholes and corner distortion can be suppressed
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power or number of scans would also increase the number 
of pinholes. The upper right picture shows a single pinhole, 
the diameter is typically in the range of 3–5 µm. Laser light 
entering such a hole is trapped and guided into the bulk of 
the SiC sample and finally to the backside. This can cause 
backside damage of the sample itself or on applied surface 
coatings. Beside that a perforated membrane is not accept-
able. At lower ablation power, the pinholes are not created 
all over the membrane the formation starts first in the cor-
ners of the bore. Edges and rims of the sidewall can lead to 
interfering patterns close to the corners at the bottom of the 
bore and if intense enough wavelike structures are formed 
(not to be confused with LIPSS in this case formed with 
500 nm periodicity parallel to y-direction). One can see 
such a structure parallel to the x-direction in the lower left 
picture of Fig. 6. The increment between these interference 
ripples was slightly more than 1 µm. Two further groves 
can be seen parallel to the y-direction about 7 µm apart. 
In the zone where interference ripples and LIPSS start to 
interact we predominately observed the first pinholes. The 
formation of such interference ripples and LIPSS was very 
effective suppressed when the sample was rotated with 
about 30 rpm during ablation leading to a very smooth 
result as can be seen in Fig. 6 lower right picture.

The disadvantage of such an approach is that one con 
produce only one single circular structure. Different shapes 
or a pattern array need a more practical method. We could 
demonstrate that much simpler polarization switching in 
combination with rotation of the scanning direction (not the 
scanned pattern itself) provides a wider parameter window 
sufficient to suppress pinhole formation in membranes.

Membranes laser ablated in sapphire and glass got no 
pinholes and we achieved a smooth surface, as can be seen 
in Fig. 7 upper picture row; the right-hand picture shows 
a cross section in glass. Sapphire and glass have a much 
lower refractive index compared to SiC and LIPSS do 
not have such slot waveguide characteristic as in SiC. For 
4H-SiC, we could find good ablation parameter far below 
the threshold for pinhole formation. However, rotating the 
sample improved also the membrane quality significant as 
shown in Fig. 7 bottom picture row; the right picture repre-
sents the result for the rotating sample.

3  Numerical LIPPS waveguide structure 
simulation

We performed a numerical study of light propagation 
and its interaction with selected shapes of grooves act-
ing as a waveguide in SiC material. The simulations are 
achieved using the finite difference time domain (FDTD) 
method (Taflove et al. 2005), which is suitable for this pur-
pose, since it allows calculating both time-evolution and 

spectrum of an electromagnetic field. The studied struc-
ture is formed by grooves inscribed by a laser into SiC. 
The grooves on the surface of SiC resemble either prisms 
with oblique side-walls or rectangles (Fig. 8). Two distinct 
geometrical arrangements of the grooves are considered in 
the simulations. The first arrangement in a form of an array 
layout is depicted in Fig. 8 (top), where grooves are longi-
tudinally oriented in series. In another arrangement, Fig. 8 
(the middle picture), the grooves are placed zig-zag along 
y-axis, such that their longitudinal axes overlap with the 
center of gap between the grooves in the adjacent column.

In Fig. 8, the dash-dotted line indicates YZ plane cut at 
x = 0.5 µm and the cross-section of the array layout struc-
ture is presented, with y-polarized laser source and propaga-
tion of light along z-axis (z = 0 is at surface). The groove 
width and depth are labeled as w and d, respectively Table 1. 
Longitudinal gap between columns of grooves is shown 
as g, transversal gap as a, and period as Λ. The values of 
all geometrical parameters considered in the simulations 
are summarized in The model of a laser source produces 
a Gaussian beam with focus radius w0 = 10 µm. Optical 
pulses with the output spectrum centered at 1040 nm are 
launched from a plane parallel to the surface of SiC and 
propagated along z axis—Fig. 8, bottom picture. Polariza-
tion of the source is set along y-axis. Material properties of 
SiC (type 6H α-SiC) are modeled using polynomial approxi-
mation of the published experimental data (Hofmeister et al. 
2009). Since the dimensions of the structure greatly vary, it 
is crucial to utilize non-linear mesh near the surface along 
with conformal meshing technique (Yu and Mittra 2001) to 
accurately resolve sub-cell features of the structure.

Fig. 7  In sapphire glass and ceramic, there was no pinhole forma-
tion observed, left upper picture shows a membrane in sapphire, right 
upper picture a cross section of a 50 µm membrane in glass. 4H-SiC 
has a high threshold for pinhole formation, bottom picture row, but 
rotating the sample improves membrane quality as shown in the bot-
tom right picture
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From Figs. 9, 10, 11, and 12, it can be concluded that 
light intensity is in good agreement with the places, where 
pinholes in SiC are formed. The simulation showed that 

Fig. 8  Side-cut of the studied structure with structural parameters 
and simulation boundaries

Tab.1  Structural parameters of the investigated structure

Groove length L 3 μm

Longitudinal gap g 200 nm

Periodicity Λ 500 nm

Width of surface gaps a 200 nm

Groove width w 300 nm

Groove depth d 50 or 100 nm

Fig. 9  Field intensity profile in YZ plane cut at x = 0.5 µm for depth 
of grooves d = 50 nm

Fig. 10  Field intensity profile in YZ plane cut at x = 0.5 µm. 
Grooves are aligned in alternating arrangement (zigzag) with depth of 
grooves d = 50 nm

Fig. 11  Field intensity profile in YZ plane cut at x = 0.5 μm for 
depth of grooves d = 100 nm

Fig. 12  Field intensity profile in YZ plane cut at x = 0.5 µm. 
Grooves are aligned in alternating arrangement (zigzag) with depth of 
grooves d = 100 nm
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field intensity is enhanced in a certain small depth (see 
results compared for the depth of 50 and 100 nm), which 
could explain the formation of pinholes just at the scratch 
location, in the corners. Moreover, different orientation of 
the grooves influences the amount of light transmission 
into SiC. Considering the arrangement of grooves oriented 
along x-axis and light propagation along z-axis, results 
for different intensity values for both polarizations, were 
also verified by changing the orientation of the grooves. 
It means strong influence of incident light polarization on 
transmission characteristics. This would explain why polar-
ization rotation stops pinhole formation. The LIPSS are 
generated perpendicular to the polarization of light. When 
the polarization is changing LIPPS are changing direction 
and pinholes have no time to establish.

4  Conclusion

Using femtosecond laser ablation, we manufactured 
150 µm thin membranes in 3C-SiC as well 80 µm mem-
branes in 4H-SiC and verified the feasibility of a rotating 
polarization process to suppress sub-µm ripple and pin-
holes in micro machined structures. For sensor test applica-
tion, we used our standard ablation xy-scanning procedure 
and fabricated arrays of membranes in 4H-SiC (115 µm), 
Pyrex glass (40–80 µm), sapphire (50 and 160 µm) and in 
Al2O3 ceramic (25–90 µm). The various membranes are 
1000, 1500, 2000, and 3000 µm in diameter. The back side 
of the 4H-SiC was covered with an epitaxial grown 2 µm 
AlN/GaN/AlGaN layer and was not damaged after abla-
tion. Substrates of all other materials investigated were 
plain and were coated with ferroelectric thin films after the 
ablation process. The risk to harm or damage the function 
of the coated films is eliminated by that procedure and a 
higher degree of freedom for design is achieved.

Our experimental results and first simulations indicate 
that ripples promote creation of pin holes in SiC, which 
would perforate a thin membrane in a sensor (Fig. 1). We 
developed an ablation technique strongly inhibiting for-
mation of ripples and pin holes (Fig. 2) for higher quality 
membranes entirely produced by laser ablation. In our tech-
nique, the direction of the linearly polarized light rotates 
permanently or is flipped between x- and y-axis and as a 
consequence ripples could not be generated for a time 
period long enough to enable pinholes to begin to form and 
grow to µm size. Without changing direction of the polari-
zation, the corners or scratches at the bottom of the blind 
bores are in exposed position for creation of pinholes with 
a quite small parameter window to avoid them. The z-posi-
tion range of the laser focus and the maximum possible 
laser power increases significantly when the polarization 

changes during ablation reducing the ablation time and 
improving the process stability.
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