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The anisotropic nature of plasma etching is usually exploited to realize vertical nano-/micro- silicon structures by
deep reactive ion etching. However, some applications require tilted instead of perpendicular profiles with
respect to the substrate. Here, a controlled tilted etching is realized by introducing a set of metal electric field
modulator(s), which modify the near sample surface potential. The ions from the plasma body are accelerated
under the influence of the distorted electric field, and hit the silicon surface with a certain incident angle. A
model is built with finite elements method, taking into account the geometry of the experiment and the chamber
conditions during the etching process. The thickness and the inter-distance of Al slabs have been varied in a
range of 0.5-3 mm and 10-25 mm, respectively. A tilt angle ranging from 0° to 22.6° has been measured and
validates the simulation results, showing that a desired tilt profile can be achieved with a proper parameters
tuning. Examples of 1D and 2D modulations are reported with linear and chessboard slanted gratings for X-ray

imaging applications.

1. Introduction

Slanted diffraction gratings are used in various photonics devices to
perform certain optical functions such as coupling a projected image
into a waveguide in displays for augmented and virtual reality appli-
cations [1]. In surface relief grating technology [2], nanoimprint is used
as replication method of slanted gratings fabricated by ion beam and
plasma etching with glancing incidence. Asymmetric groove profiles are
very appealing because of very high efficiency in diffractive in-coupling
of light into light guides [3] but the glancing ion etching cannot achieve
the required precision of a continuous slant angle variation with a
grating period in the range of the visible wavelengths. High aspect ratio
diffractive optics are used in X-ray imaging applications as active de-
vices for phase and dark field contrast modalities [4] or as focusing el-
ements [5]. X-ray imaging applications would benefit of the tilt
modulation in the diffractive optics to cope with divergent beam illu-
mination, which is particularly critical in X-ray tube sources. X-rays
emitted from an X-ray tube usually propagate in a cone shape confined
space (fan shape if observed in a two dimensional space). Diffractive X-
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ray optics are periodic microstructures, whose aspect ratio grows as a
function of the X-ray energy because of the weak interaction of X-rays
with matter. For example, in grating based X-ray interferometry (XGI)
for medical diagnostics at 20 keV X-ray energy [6], the gratings with
pitch size in the range of 1-5 um are made of Si trenches, filled with Au
for height higher than 30 pm [7-9], while Au thickness higher than 100
um [10] are necessary for X-ray dark-field chest radiography, where
tube acceleration voltage peak is typically higher than 60 kV [11].
Limited by the available optics fabrication techniques, X-ray imaging
systems suffer from the misalignment between the X-ray source emission
and the diffractive microstructures. Depending on the imaging appli-
cation, the device size of the X-ray optical elements can span from few
hundreds micrometers (e.g. Fresnel zone plates in X-ray microscopes
[5]) to few centimeters (e.g. source gratings in XGI [7]), to tens of
centimeters (e.g. analyzing gratings in XGI [6]). With respect to
microfabrication for microelectronics devices, the pattern of an X-ray
grating occupy a full Si wafer and the precision of pattern definition
(pitch and duty cycle) and the pattern transfer over the full area deeply
affect the imaging performances, since the angular sensitivity of the
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interferometric system is in the range of 10-100 nrad [7]. The
misalignment limitation increases with the aspect ratio of the optical
element, reducing the effective area of the diffractive device and its
diffraction efficiency, affecting the final field of view and the imaging
quality, respectively. We recently demonstrated [12] that an X-ray
source grating can be fabricated in such a way that the directionality of
the functional microstructures is already matched with the divergent
beam of X-ray source as showed in Fig. 1(a). Mechanical bending
(Fig. 1b) of the X-ray gratings [13,14] works with Si substrates of few
hundred micrometers and moderate bending radiuses, but it is very
critical for the source grating, limiting its position right after the source.
Alternatively, the fan-shaped grating has lines etched in a flat silicon
substrate with a slant angle modulation, allowing the positioning of the
grating very close to the source, with a clear gain in X-ray flux and
system total length [12].

Tilted etching has been approached for optical lenses fabrication by
using Faraday cages, rotating electrode, angled gas injection, and etc.
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Fig. 1. (a) A Talbot-Lau XGI system with curved gratings for better beam
alignment. (b) Concept of replacing the bent G, grating with a fan-shaped Go
grating. (c)) Local electric field in presence of an electric field modulator (d the
inter-slabs distance, h the slab thickness and [ the slab width), and a sketched
profile of grating lines with tilted etching 6 as a function of position x. The
equipotential lines are plotted as curved lines in grey scale.
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[15-17]. None of these technologies is suitable for the fabrication of
high aspect ratio microstructures with a continuous gradient tilt in the
etched trenches. Our method realizes the tilted etching by modulating
the electric field during the deep reactive ion etching of a patterned Si
substrate. Local electric field modulators (Fig. 1¢) locally modify the ion
trajectories in order to modulate the ion impinging direction on the
patterned substrates as a function of the distance from the modulator.
Only plasma etching techniques can benefit of local angular modulation,
with respect to conventional [18] or new [19] wet-etching methods.
Deep reactive ion etching (DRIE) applications usually require the
etching direction to be perpendicular to the substrate as much as
possible, and any unwanted tilting should be mitigated [20]. For
example, in integrated circuits fabrication, the tilted contact holes at the
edge area of the wafer will lead to a direct fail of the entire chip, which
decreases the yield and increases the cost [21]. On the other side, ap-
plications such as augmented and virtual reality [1], micro-sensors,
bioelectrodes or superhydrophobic surfaces, may benefit from tilted
components [22-24].

In X-ray imaging, the slant angle modulation becomes an important
design parameter, depending on the X-ray source and the relative
grating position in the system. Here, a dedicated plasma simulation has
been developed to calculate the tilt dependence on the modulator’s
geometry and the tilt gradient inside the grating patterned area. We
show some examples of different modulator shapes, in symmetric and
asymmetric configuration. For symmetric bar modulators, we studied
the ion trajectories as a function of the modulators distance and the bar
height. The simulations have been validated by measuring the local tilt
of grating lines in the area between the modulators. We report an
experimental demonstration of the DRIE process with one dimensional
(1-D) and two dimensional (2-D) electric field modulators aimed at the
fabrication of hard X-ray fan-shaped linear and chessboard gratings.

2. Material and methods
2.1. Local electric field modulation

DRIE methods have been used for the fabrication of nano-/micro- Si
structures, for their reliable etching profile, quality control and process
robustness [25]. Bosch process and cryogenic etching are two of the
most frequently DRIE methods that provide relatively high etch rate
[26,27]. Cryogenic etching method is used for the etching of structures
with feature size in the 100 s nanometers scale. Bosch process is opti-
mized at industrial level for applications with feature size in a wider
range of few hundreds of nanometers to few hundreds of micrometers, or
even larger, and it is commonly used in the fabrication of integrated
circuits, MEMS, optics, sensors, and etc. [10,28-30]. Inductively
coupled plasma (ICP) etchers are used to conduct Bosch process, as they
provide plasma with higher ionization density, which helps to deliver
higher etch rates and better selectivity during the Si etching [31].
Commercial ICP etchers integrate two or more radio frequency (RF)
power supplies into their systems, with at least one set of RF generator
connected to a flat or solenoid coil as ICP generator, and at least one set
of RF power supplies connected to the electrode as capacitive coupled
plasma (CCP) generator. Fig. 2(a) schematically shows a common ICP
etcher chamber. A turbo pump maintains the chamber pressure in a
range of 1-10? mTorr after the etchant gasses are injected into the
chamber. The ICP source generates a high-density plasma due to
inductive coupling between the ICP generator and the plasma. The ICP
generator, located in the plasma generation region, creates an alter-
nating RF magnetic field and induces an RF electric field that accelerates
electrons participating in the ionization of gas molecules and atoms at
low pressure. A separate CCP generator applies RF power to the elec-
trode below the substrate, which helps to form a DC bias voltage. This
negative potential attracts the ions out of the plasma discharge region
and controls the ion energy. Consequently, the plasma density and the
ion bombardment energy can be adjusted separately by tuning the ICP
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Fig. 2. (a) Schematic of an ICP etcher with both ICP & CCP generators. (b) Electric potential in the plasma chamber without a sample or electric field modulator. (c)
Electric potential in the plasma chamber in presence of a silicon substrate and a set of electric field modulators.

and CCP power generators [32,33].

A typical plasma chamber with RF generators is represented in Fig. 2
(a). Fig. 2(b) shows the electric field inside the plasma chamber during
an etching process without the sample or the electric field modulators,
while Fig. 2(c) shows the electric field with presence of the sample and a
set of electric field modulators. It is noticeable that the electric field is
only distorted locally near the sample surface, and this is the key feature
to achieve the tilted etching. Therefore, we focus on the study of the near
sample surface region. Since the electrode is isolated from the ground,
the electrons accumulate on the surface of the electrode and the sample,
thus the electrode gains a negative potential. The plasma body is then no
longer neutral due to the imbalance of ion and electron charging, and
the potential is normally a few volts above zero. The electron-less space
between the plasma body and the electrode surface is called sheath re-
gion [34]. The sheath is a thin layer that can be defined by its typical
thickness and the voltage drop between its edge and wall [35,36].
Particle collisions rarely happen in the sheath region, and the plasma
formation is inhibited in this space due to the lack of electrons, therefore
it visually appears as a dark space [37,38]. The sheath thickness is
usually in the range of few Debye lengths [35,36]. Due to the potential
drop within the sheath region, the ions can be accelerated and gain ki-
netic energy. This ion momentum triggers the anisotropic etching, and
the incident angle of the ions should dominate the actual etching di-
rection. The sheath dynamics controls the energy and the angular dis-
tribution of ions bombarding the electrode, which in turn affects the
surface reaction rate and the walls profile of microscopic features etched
into a wafer resting on the electrode [38].

2.2. Pattern preparation

A series of sample chips are etched and measured to study how the
electric field modulators affect the etching result, including cases of
electric field modulation in 1-D for periodic linear patterns and 2-D for
chessboard like patterns. 4-inch N-type (100) Si double side polished
wafers were used for the preparation of sample chips, and the wafers are

250 pm thick. We normally use low resistivity wafers (0.001-0.01 Q cm)
for the convenience of following the trench filling process [9]. First, the
wafer was coated with a 50 nm layer of Cr, which works as hard mask
during the DRIE process. For the case of 1-D tilting test, a pattern of
periodic lines was realized by photolithography. A layer of AZ BARLIi-II
anti-reflective layer was spin-coated on top of the Cr layer at a speed of
4000 rpm, and then soft baked with a hot plate at 180 °C for 60 s.
SUMIRESIST PFI-88A7 was spin-coated at a speed of 4000 rpm and soft
baked on hot plate at 90 °C for 60 s. The exposure was realized by
displacement Talbot lithography method [39,40] with an Eulitha Pha-
bleR200 system, using a 377 nm wavelength polarized laser light source.
A quartz photomask with a period of 4 pm generated a Talbot carpet
with a period of 2 pm, and the Talbot distance of this Talbot carpet is
calculated with Eq. (1),.
P

o (€3]

2
Phnask

where Z, is the Talbot distance, is the wavelength of the light source, and
Pmask is the period of the linear pattern on the photomask. The scanning
range of the exposure was 170 pm, corresponding to twice the Talbot
distance, for the purpose of mitigating the ‘beating effect’ [39]. The
exposure time was 200 s, in order to have a 0.5 duty cycle in the pattern.
The wafer was post-exposure baked on a hot plate at 110 °C for 60 s and
then developed with Megaposit MF-24A. The bottom anti-reflective
layer was etched away in an Oxford RIE etcher with CHF3/Oq/Ar
mixture as etchant gas. For the case of 2-D test, a chess-like pattern was
realized with square side of 2 pm. A layer of MICROPOSIT S1805
photoresist was spin-coated on top of the Cr layer at a speed of 4000 rpm
and exposed with a SUSS MA6 mask aligner in vacuum contact mode
after the photoresist baking at 115 °C for 90 s. The development was
performed in Megaposit MF-24A. For both 1-D and 2-D tests, the pat-
terns were transferred into the Cr layer by plasma etching using Cly/O2
mixture as etchant gas.
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2.3. Experimental kit preparation

An experimental kit is composed of a carrier wafer, a patterned chip
and an electric field modulator, whose assembly is schematically
showed in Fig. 3. A 60 x 60 mm? sized chip was precisely cleaved from
the patterned 4-inch wafers. A 4-inch N-type (100) Si single side pol-
ished wafer with a thickness of 525 pm was used as carrier wafer for
each experiment set. The carrier wafers were thermally oxidized in a
diffusion oven. If the SiO5 layer gets fully etched away, the Si substrate
underneath will be exposed to the plasma consuming the etchant from
and leading to an early stop of the trench etching. In this study, the
thickness of the SiO, layer is 2 pm, which is sufficient to endure the
whole Bosch etching process for the targeted depth. First, the chip was
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Fig. 3. (a) Schematic of the 1D-experimental kit: arrangement of carrier wafer,
patterned sample and electric field modulators for the 1D-tilted etching. (b)
SEM images in cross section of the 1D-tilted linear grating with pitch 2 ym. (c)
Schematic of 2D-experimental kit: arrangement of carrier wafer, patterned
sample and electric field modulators for the 2D-tilted etching. (b) SEM images
in top view of the 2D-tilted chess-like grating.
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attached in the center of the carrier wafer with a layer of insulating
bonding wax. Then, a set of electric field modulators were located on top
of the sample chip and glued by the bonding wax. For the case of 1-D
test, the electric field modulators were Al slabs. The Al slabs have a
length (D) of 50 mm and a width of 5 mm and they are placed with the
length parallel to the lines in the pattern. Four pairs of Al slabs were used
in the experiment with slab thickness (h) of 3, 2, 1, and 0.5 mm. One
sample chip was prepared with each pair of Al slabs, and the slabs were
placed at a distance (d) of 10 mm in order to study the influence of the
electric field modulator thickness. For the case of h = 0.5 mm, three
chips were prepared with d of 15, 20, and 25 mm, in order to study the
influence of the distance between the two electric field modulators. The
thickness and the distance are the major factors affecting the etching
results. Fig. 3(a) schematically shows how the components of the 1-D
experiment set were arranged. For the case of 2-D test, the electric
field modulator is an Al ring. The Al ring has an inner diameter of 15 mm
and an outer diameter of 35 mm. The thickness of the Al ring is 3 mm.
Fig. 3(c) schematically shows how the components of the 2-D experi-
ment set were arranged.

2.4. DRIE process

The prepared experimental sets are etched in an Oxford Plasma-
LabSystem100 ICP etcher. The etching gas is SF¢ and the passivation
layer forming gas is C4Fg. The Bosch process is a time-multiplex process
with etching and deposition steps start alternately. In this study, the
Bosch process always starts with a deposition step to form a protective
layer, and ends with an etching step to avoid too much residual polymers
in the etched trenches. For the one dimensional test, we choose an
etching conditions with low chamber pressure and low RF power, since
the convection inside the trenches is insufficient due the small trench
width of 500 nm [10]. For the etching of one dimensional linear grat-
ings, the chamber pressure was maintained at 15 mTorr, the etchant gas
flows were SFg (90 sccm)/C4Fg (5 scecm) and SFg (5 scem)/C4Fg (90
sccm) during the etch and deposition steps, and the RF powers were ICP
(30 W)/RF (700 W). For the two dimensional case the square holes
opening side is 2 pm, i.e. four times larger than the trenches. Therefore, a
more conservative recipe was used compared to the linear gratings with
the same period. The chamber pressure was maintained at 20 mTorr; the
etchant gas flows were SFg (95 sccm)/Cy4Fg (5 scem) and SFg (10 scem)/
C4Fg (90 sccm) during the etch and deposition steps; the RF powers were
ICP (50 W)/RF (800 W). The DC bias voltage V4. = —160 V is indicated
during the etching steps. For both one dimensional and two dimensional
cases, the trenches are etched into the Si substrate to depths in a range of
15-40 pm.

2.5. SEM examination and tilted angle measurement

The etched chips are taken off from the carrier wafer for further
examination. For one dimensional tests, the chips are cleaved along the
direction perpendicular to the grating lines. Cross sectional scanning
electron microscope (SEM) images are taken with a Zeiss Supra VP55
system at a magnification of 5 kX. Fig. 3(b) shows an example of a series
of SEM images taken from a 1-D tilting etched sample at different po-
sitions x. The tilted angles of the trenches are measured from the SEM
images with a measurement accuracy of +0.2°. The position x is
measured in reference to the SEM stage position with a measurement
accuracy of +£0.2 mm.

For the 2-D test, the SEM images are realized in top view. Fig. 3(d)
shows the top view SEM images taken from several different areas on the
two dimensional fan-shaped etched sample, at a magnification of 10 kX.
The etching direction in each imaging area can be recognized by
observing the sidewall conditions (dyed with red color in Fig. 3d). For
example, in the bottom right subplot of Fig. 3(d), only the top left parts
of the hole sidewalls can be seen, indicating that the etching direction is
towards the bottom right of the sample.
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3. Simulation of ion trajectory

We used COMSOL software to simulate the chamber electric field
during an etching process. We used the geometry of an Oxford Plas-
maLabSystem100 etcher chamber for building the model. A schematic is
showed in Fig. 2(a). The parameters of our Bosch process are the initial
conditions for the time transient simulation. For simplicity, the chamber
is treated as sealed without considering the gas convection.

The simulation of the local electric filed near the sample surface is
done with the PDE (partial differential equation) tool of Matlab© based
on the real arrangement and geometry of the sample and the electric
field modulators, using a triangular shaped mesh for the model. The
width of the simulation zone is 50 mm, and the height of the simulation
zone is the sheath thickness plus the modulator height. The etching
process used this study has a relatively low chamber pressure of 15-20
mTorr, therefore we assume that the sheath thickness has a value of 3
mm [41]. A collisionless sheath is assumed following the Child-
-Langmuir law [42,43]. Collisionless path is realized in a low-pressure
plasma regime, the mean free path under our experimental conditions
has the same order of magnitude of the Debye sheath thickness. The
mean free path [ of pure SF; is calculated using with Eq. (2):.

_ kgT
V2rd*p

@

where kg is the Boltzmann constant, T is the temperature of the gas, ad?
is the effective cross-sectional area for spherical particles, and p is the
pressure. The calculated value is | = 1.4 mm, assuming pure SF¢ gas at
cold ion temperature of T = 0°C and a pressure of p = 15 mTorr, the
calculated [ is about half of the Debye sheath thickness (3 mm). How-
ever, this mean free path value is just an upper limit. Indeed, in the
plasma bulk, once the SFg molecules are ionized into smaller ions,
electrons, and radicals, the average kinetic diameter will decrease,
leading to an increase of the mean free path L. Moreover, the kinetic
energy of the ions escaping from the plasma bulk and entering in the
sheath is Ex = % M X Vpopmi2: significantly higher than the thermal energy
of a gas. Furthermore, due to the loss of ions and electrons in the sheath
region, there will be a pressure gradient existing at the sheath edge at
dynamic equilibrium [44]. Since the chamber pressure is measured at
the chamber walls, the actual pressure within the sheath region is lower
than the measured pressure.

The upper boundary condition is set as ‘Dirichlet’ type [45], and the
value equals to the plasma potential Vj, at the corresponding position.
The plasma body is almost electrically neutral, so we set V, as zero. The
lower boundary condition is also ‘Dirichlet’ type, and the value equals to
the DC bias voltage V4. The two side boundary conditions are ‘Neu-
mann’ type [45]. The maximum element size hpqy is set as 0.01 mm to
have a fine enough mesh with a relative affordable computing power.
The PDEs are then solved at each node by Matlab. The calculated values
on the nodes are used to track the moving trajectory and momentum of
the ions. The tracking is done as follows: an ion travels randomly in the
plasma body at a thermal velocity, the ion is attracted and accelerated
under the influence of the electric field when it enters the sheath region,
moving towards the electrode. The ion enters the simulation region from
point T(xg, yo) with an initial velocity vin;. Normally the ion temperature
of glow discharge plasma is in the range of 300-1000 K [34]. Since the
Vinir module is already in the range of few ten thousand meters per sec-
ond [46], which is much larger in comparison to the thermal velocity of
the ions in the plasma body, the horizontal component of vy is set at an
mean value of 300 m/s and we can assume that the ion enters the
simulation region with a moving direction perpendicular to the sample
chip. The total sampling number of the ion positions in vertical direction
is 20, so we follow Eq. (3) to calculate the Y position of the ion:.

Tynrr = Tyn + Ay# 3

where Ty, , is the T position of the ion on Y-axis, Ty, 47 is the next
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position of the ion on Y-axis, and Ay is the distance between two posi-
tions on Y-axis and is calculated as the reciprocal of the sample rate. In
order to describe the ion moving trajectory under the influence of the
local morphology near the sample surface, the instantaneous moving
direction of the ion is forced by the potential gradient [47]. Since the
potential inside the simulation region is calculated with finite element
method, and the hy,qy is approximately ten times smaller than Ay, the
potential Uy, y) at the nearest node Ty, y) in the mesh is used for the
calculation of the instantaneous moving direction of the ion at position
T(x, y)- The acceleration of the ions in X and Y directions are calculated
with Eq. (4) and Eq. (5):.

_dU, Q

Ayn = dy M# (4)
o du, Q

Axn = WM# )

where ay, , and ay, , are the instantaneous acceleration of the ion at
n® position on the X-/Y-axis; dU,/dx and dU,/dy are the potential
gradient in X and Y-axis, respectively, at the n™ position of the ion,
which can be obtained by solving the partial differential equations in the
model; Q/M is the charge mass ratio of the tracked ion. The travelling
time t;_, (1) of the ion from the n' position to the (n + 1)™ position is
calculated with Eq. (6):.

\/2a,,Ay + 12, — vy,
) Y y,n ) # (6)

Ayn

b (nt1) =

where Dﬁ" n is the y component of the instantaneous velocity of the ion at
(n + 1)™ position in the Y-axis. The instantaneous velocities of the ion on
X-/Y-axis at the next position are calculated with Eq. (7) and Eq. (8):.

Uynt1 = Vyp + Ayn® [na(nﬁ»l)# (7)

Vintl = Ven + Qxp® tn—>(n+l)# ®

The next position of the ion in X-axis is calculated with Eq. (9):.

Tintt = Ton + Vi iy + %axﬂ.lf,_)(n+[)# (C)]
where Ty 1 is the (n + nt position of the ion in the X-axis, and Ty, , is
the n position of the ion on X-axis.

The instantaneous velocity and acceleration as function of position
are reported Figure S1 of Supplementary material.

Finally, the incident angle 6; of this ion at the surface of the sample
chip is calculated with Eq. (10):.

0, = arctan Vs, enl # (10)
‘Vy. cnd|

where vy, end (ty, end) is the horizontal (vertical) component of the ion
instantaneous velocity when it arrives at the surface of the sample chip.
Fig. 4 reports an example of ion trajectory calculation. The ion follows a
parabolic moving trajectory between T, and T, and the accuracy of
the simulation results is affected by the distance between the sampling
points, therefore a higher sampling rate is preferred.

The moving trajectories and the velocities of 51 ions are tracked
along the upper boundary, and only those ions that arrived at the surface
of the sample chip are used for the final plot of the incident angle
distribution.

4. Results and discussion

The modulator affects only locally the ion trajectories (see Fig. 2c,
Fig. 4 and Fig.S1). The ion trajectory is deflected from the vertical di-
rection as a function of the modulator geometry, the trajectories of the
ions approaching the central position of the chip remain almost straight,
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Fig. 4. Method for an ion trajectory tracking and incident angle calculation.
Square symbols are sampling points. The potential gradient acquired from the
nearest node of the mesh is used to calculate the ion direction before it reaches
the next sampling point, and the accumulated kinetic energy and the acceler-
ation direction according to Egs. (3) and (4) in the text. The profiles of the
electric field modulator and the sample chip are sketched.

gaining a very small lateral momentum. lons that approach the sample
surface region close to the electric field modulator are strongly deflec-
ted, and some even collide with the electric field modulator instead of
arriving at the sample chip surface. In contrast to a single side modu-
lation with dielectric material [48,49], the symmetric design with metal
modulators does not have huge local charge variation on the electric
field modulators, and any sudden change in charge density on the
modulator surface can be self-compensated thanks to the high electron
mobility in metal. This allows a gradual change in the incident angles
along the lateral direction of the sample surface perpendicular to the
pattern lines, which is ideal for gratings used in XGI systems, as sketched
in Fig. 2(b).

Ideally, in a XGI system, the grating lines should have tilted angles
along the direction perpendicular to the grating lines (X axis) according
to Eq. (11):.

0, = arctan (%) # 1)

where 6, is the tilt of the grating line at position x, with the X-axis in the
plane of the silicon substrate and perpendicular to the grating lines (see
Fig. 1d), and w is the distance between the focus point of the X-ray tube
and the grating, w is usually in the order of few centimeters [12]. This
tilt gradient produces a grating with a fan-shaped structure (Fig. 3b).
Since the tilt is created during the etching, 0, is evaluated as the ion
incident angle at the ion arrival position x along the X-axis. Since the
ions are accelerated before impinging on the grating pattern, the etching
depth along each 0, depends only on the etching time and all the grating
lines (silicon lamellas) have the same height. This has been verified
within the limitations of the SEM cross sections (Fig. 3b) and for the
etching depth of maximum 40 um and pitch size of 2 um. Therefore, this
kind of gratings are suitable for transmitting X-ray equal in all radial
directions. The remaining thickness of the substrate varies with the
distance to the central axis, but the attenuation of the transmitted X-ray
is negligible, details are discussed in Supplementary material.

Fig. 5 reports the profile of equipotential lines and the ion
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trajectories in a plane perpendicular to the substrate as a function of the
distance x from the center of the pattern and for several modulators
heights (h) and distances (d).

Fig. 6(a) shows the simulated and measured incident angle as a
function of the position x on the etched sample in a plane perpendicular
to the substrate. Cross sectional SEM images of the samples are available
in Supplementary material. As a general trend: the thicker and the closer
the electric field modulators, the larger the tilt gradient and the higher
the maximum angle. When the modulators are far away from each other
or thin enough, there is a weakly influenced area in the middle of the
modulators, and the titled angle varies as a bowl as a function of x. When
the modulators are close or thick enough, the strong influence areas of
the modulators overlap, leading to a linear tilted angle distribution.

We assumed a uniform potential, while a local potential can rise up
during the etching due to the trench formation or the silicon substrate
can produce a screening effect so introducing a local electric field. The
potential distribution can also depend on the chamber geometry and can
vary from etcher to etcher. The determination of the potential distri-
bution at the Si sample surface is a general problem in DRIE machine
design due to the lack of an efficient way of probing real potential
conditions inside of the etcher chamber at micrometer scale during a
plasma etching process. For example, the model should follow the
Gauss’s Law, therefore a simple parabolic potential distribution can be
applied to the sample surface [50]. We used a potential distribution
according to Eq. (12):.

4 )
Wi o (1 - k) x Vot a2

V.=

where V, is the potential at position x, k is a fitting parameter, d is the
inter-modulators distance, Vy, is the bias potential during the etching.
Eq. (12) describes a parabolic potential with a minimum number of
parameters and assuming the boundary condition of V. at the modu-
lator’ edge.

Fig. 7(a) shows the comparison between a constant potential (left
part of Fig. 7(a)) at the substrate and the local parabolic potential of Eq.
(12) (right part of Fig. 7(a)) for a case of modulators with h = 0.5 mm
and d = 25 mm. The fitting parameter k (k = 0.25) has been retrieved by
the measured tilt distribution showed in Fig. 7(b).

The simulated tilted angles (Fig. 7b) approximate the measured
values with a smaller deviation with respect to a constant potential case
(Fig. 7a), especially for the larger inter-modulators distance. The para-
bolic potential distribution is still an idealized case. Without considering
the electron exchange at the interface between the silicon substrate and
the plasma, and the local defects in the silicon body, it is very hard to
predict the real potential distribution. However, introducing an artificial
parabolic potential demonstrates that the simulation can be enough
accurate to reproduce the most relevant experimental features of strong
tilt for all the conditions of modulator thickness (0.5-3 mm) and inter-
modulators distance (10-25 mm). Therefore, the parabolic potential
can be used as fitting parameter.

All in all, the model predicts the trend of the etching results, and can
be used as a guideline for the processing design. A better approximation
would require to simulate the screening effect of the silicon substrate by
describing the potential distribution at the silicon surface with a sta-
tionary Poisson-Boltzmann equation where the charges’ distribution in
the semiconductor region is self-consistently related to the potential
distribution of the composite system. However, as discussed, several still
unknown parameters are necessary for the correct setting of the Poisson-
Boltzmann equation in the semiconductor material. Several other sec-
ondary factors might also help to improve the simulation quality. The
angle inaccuracy can be originated by several factors. Simulation inac-
curacy can derive from an oversimplified model. The plasma etching
process is an extremely complex process, hence the model has been
simplified by introducing some assumptions (e.g. the potential at the
sample surface follows a perfect parabolic distribution; the plasma
conditions saturate instantly and keep stable during the whole process;
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Simulated (lines) and measured (symbols) ion incident angle (slant angle) 6 vs position x. The simulations are plotted as lines, and the measurements are
plotted as symbols. The difference in electric field modulator thickness (h) is distinguished with different line styles, and the difference in the distance (d) between the

two electric field modulators is distinguished with different symbols.

the plasma body has a sharp and flat edge, and etc.), and some secondary
factors have been ignored (e.g. higher order ionization of the etchants,
gas convection, the change in local electric field in the etched trenches,
and etc.). Some systematic errors might have been introduced during the
fabrication process and the measurement of the angles (e.g. the

misalignment of the experimental setup, the change of etcher condi-
tions, the limited accuracy of the measurement instruments, and etc.).
However, the symmetry of the measured angles with respect to the x =
0 axis seems to indicate that the systematic error should have had a
minor impact. Future work will be dedicated to address this model
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upgrade. the substrate has been indicated. This can be implemented in future

For imaging applications with XGI systems, the tilted angle gradient
in the grating follows Eq. (10) and is almost linear since the system
usually requires a maximum tilted angle of few degrees. Only when the
thickness and the distance of the modulators are carefully balanced, the
actual tilted angle follows a linear variation, symmetric over the center
axis. However, not every application requires linear variation of the tilt,
therefore the ‘bowl shaped’ tilted angle functions might be also inter-
esting for other applications. Moreover, the tilt variation can be pro-
duced also with non-symmetric modulators. The design can also be meta
symmetric or even one-side modulated for some other unique structures.
Fig. 8 shows some examples of different modulator shapes and asym-
metric modulators. We see that with symmetric design, the minimum
tilting angle position always stays at the center of the system, while the
maximum tilting angle value and the linearity of the angle distribution
might change. With asymmetric design, not only the angle value and
distribution, but also the minimum tilting angle position changes.

This study addressed the requirements of XGI systems [4,12], but the
developed technology allows to bypass the limitations of planar micro-
fabrication technology and can be extended to other complex X-ray
optics, such as Laue lens [51], wavefront sensors [52], three-
dimensional shaped tilted zone-plates [53].

5. Conclusions

Tilted etching with symmetric metal electric field modulator(s) was
developed for the purpose of fabricating periodical nano-/micro-
structure arrays in Si substrates. The role of the electric field modulator
thickness and inter-modulators distance on the tilt gradient has been
studied with a finite element method. The thicker the electric field
modulators and the shorter the inter distance are, the larger is the tilt
gradient and the higher the maximum angle. The etching behavior ex-
pected from the model has been experimentally verified by fabricating a
series of samples with different modulator’s parameters. The influence
of some critical factors such as the distribution of the bias potential at

works and potentially enable new ways to control the tilted etching. The
model can be used to guide the design of the experimental setup with
fan-shaped microstructures in 1D and 2D. We simulated the electrical
field of few symmetric and asymmetric modulator’s slabs with different
shapes, such as rectangular, triangular and round cross sections. The
advantages of this technology include: (1) tilted structures with high
aspect ratios can be fabricated during the plasma etching; (2) the tilted
angles of the structures change gradually, so that certain functionalities
can be achieved; (3) the tilted angles can be adjusted by using different
sets of electric field modulators to meet different requirements.

We envisage implementing the proposed model to quantitatively
predict the modulators design for a desired angle modulation. The
etching results might vary a lot with using different etching tools
because of the different chamber conditions, component arrangement,
and the way of measuring the bias voltage (directly measured with a
cylindrical Langmuir probe or calculated from the forwarded source/
platen RF power). Therefore, a unified algorithm will require a param-
etrization of the specific etching tool.

We demonstrated a robust fabrication feasibility of slanted gratings
with different experimental conditions, modulators size and shape by
etching a series of 1D fan-shaped gratings with pitch size of 2 ym and 2D
tilted chess-board gratings with pitch size of 2 um and trench depths in a
range of 15-40 pm. The proposed method can be used to design and
micro-fabricate high aspect ratio slanted diffractive optics with a
continuous angle gradient for several applications, such as X-ray imag-
ing, augmented and virtual reality with visible light. Moreover, the
method can be generalized to any etching plasma and substrates other
than silicon.
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Appendix A. Supplementary material

We report the details about: the instantaneous acceleration and ve-
locity of ions within the simulation zone; the influence of tilt etching on
X-ray transmission; a collection of cross section SEM images used to
extract the measured data of Fig.6. Supplementary data to this article
can be found online at https://doi.org/10.1016/j.apsusc.2022.152938.
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