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METHOD FOR MOVING A STRUCTURE ON A SEMICONDUCTOR ARTICLE
AND INSPECTION DEVICE FOR INSPECTING A SEMICONDUCTOR ARTICLE

As miniaturization of integrated circuits continues, photolithography processes that use
deep ultraviolet (DUV) radiation are often inadequate, typically at the wavelength of 193
nm. In order to support the further miniaturization, radiation with a wavelength that is an
order of magnitude shorter than that of DUV radiation is required. Developers of
photolithography processes have turned to extreme ultraviolet (EUV) radiation. For
example, EUV photolithography may utilize radiation at the wavelength 13.5 nm. A
typical 13.5 nm radiation source includes a plasma (e.g., a laser-produced plasma) in
which the radiation is produced.

Photolithographic masks must be largely error-free, since an error in the mask would
reproduce on every wafer with every exposure. In a photolithographic mask, it is
important that the pattern elements of the absorber structure on the photolithographic
mask exactly map the structural elements specified by the design of the semiconductor
device into the photoresist on the wafer. The nominal size of the structural elements
generated by the absorber pattern in the photoresist is called critical dimension (CD).
This size and its variation (CDU Critical Dimension Uniformity) are some of the central

parameters for the quality of a photolithographic mask.

The patterns on the mask are transferred onto the wafer via a lithography lens system
which in the working wavelength of EUV radiation range is a purely catoptric system. On
the wafer a photosensitive resist is then exposed to the image of the mask. The final
exposed wafers contain many microchips that also need to be completely error-free to
guarantee the proper functioning of the microchip. The electronic structures on the chips
comprise several building blocks. They range from isolated lines over dense and semi-
dense lines and spaces, contact holes to full transistor structures like MOSFET or the

particular FinFET structure.

With the packing density of the structures rising their respective sizes (CD) and their
distances decrease. Furthermore the complexity of the structures in their vertical stacking

size increases as well leading to many layers on top of each other. This leads to structures
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with a cross section that shows ever increasing aspect ratios, where an aspect ratio can be

defined as the ratio of the width of a structure (e.g. the CD) to the height of the structure.

If at some stage in the lithography process an error in one of the structures is detected it is
important to analyze this faulty structure in detail to find ways to improve the production
process. Additionally as structure sizes decrease random variations in the width of
structures are of increasing importance. These random variations can be seen e.g. as
varying thicknesses and roughnesses in the sidewalls of structures. This is called line
edge roughness (LER) if talking about just one side of a structure or line width roughness

(LWR) if talking about the width of a structure.

The combination of an increasing packing density and increasing aspect ratio make it
necessary to obtain information of the full surface and not only the line edges. For high
aspect ratio structures it is often not enough to measure the roughness only at the top or at
a certain cross section, as the roughness varies from top to bottom and with the lateral
position. However, the sidewalls of the structures are often not accessible for measuring

devices which can acquire arcal surface information.

Typically vertical bar structures are separated by 20 nm or even less but having heights of
e.g. 100 nm. There exists currently no method for obtaining quantitative areal roughness
information for the vertical sidewalls. Currently, the only way to measure the roughness
is by SEM imaging from the top, SEM imaging of a cross section made by a focused ion
beam, by making a TEM preparation. The first method can differentiate between selected
structures but yields only information from the top of the structure. TEM preparation has
the disadvantage that it is very time consuming and positioning the slice is not precise.
Both SEM and TEM imaging deliver only one dimensional LER and LWR values.
Features like spikes to the side which only occur seldom are likely to be missed by both
methods. None of the methods so far allows selecting a certain structure to be
investigated and then fully exposing this surface to perform a full two dimensional

surface analysis.

Another method one could think of is cutting the neighbor fins away with a beam of
focused ions. The problem here is that because of material re-deposition the surface to be

investigated is contaminated. A protective coating to cover the structures of interest could
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be applied before performing the FIB cutting and selectively etching the coating after
cutting. This protective coating, however, will not go into the small gaps of 10 nm and
below. Furthermore the FIB cutting to stop at the right structure with nm precision

without damaging the surface can not be controlled well enough.

It is therefore an object of the present invention to provide a method to make previously
inaccessible parts of structures of semiconductor articles accessible to measurement

devices without contaminating the measurement result.

This object is solved by moving a structure on a semiconductor article comprising the

steps:

¢ Providing a focused charged particle beam device

e Providing a semiconductor article comprising a substrate, a surface and a structure

e Defining a region of interest on the structure

¢ Defining a modification region in the substrate, where the modification region is
different from the region of interest

e Modifying the substrate with the focused charged particle beam device in the

modification region to move the structure.

A semiconductor article within is understood to be cither a mask used for optical
lithography, a nanoimprint mask, an exposed wafer, cither after all exposures are finished

or at an intermediate step, as well as parts of these elements.

The semiconductor article comprises a substrate. This substrate has a surface and on this
surface some structures are disposed. In the case of a lithography mask the substrate can
be a glass substrate and the structures could be chrome features that are meant to be
imaged onto the wafer. In the case of a wafer the substrate might be the semiconductor
e.g. crystalline silicon, germanium, gallium nitride, gallium arsenide, silicon germanium
or any other semiconductor material. The surface of the semiconductor article is to be
understood as the actual surface of the material including any roughness and variation. It
should be distinguished from the reference surface plane. This reference surface plane is
thought be an ideal plane that can describe the surface in mathematical terms. This could

be the best fit plane to a region of the actual surface of the semiconductor article. While



10

15

20

25

WO 2020/078985 PCT/EP2019/077927

in most circumstances a plane will be used as the reference surface, it is also possible to
use a curved surface as a reference surface e.g. to take any stresses or mounting effects

into account.

Typically, the structures are disposed on top of the substrate. Many identical structures
can be arranged next to each other. On one or more of these structures a region of interest
(RO]) is defined. This region of interest may be a part of the sidewall of a line, the whole

side of a fin of a FinFET or some other region.

The inventors have realized that it is possible to move this region of interest with the use
of a focused charged particle beam without contaminating the ROI. Several devices are
available for generating focused charged particle. In particular, this can be an electron

beam as generated by clectron microscopes or it could be a focused ion beam (FIB).

In effect this beam is used as a nano manipulator device. Other such devices that use a
different working mechanism to move the structure on the substrate of the semiconductor

article can also be devised.

In a next step of the method a modification region in the substrate is defined. This serves
as a target for the focused charged particle beam. It is important that the region of interest
and the modification region are different from each other. This has the advantage that a
contamination of the ROI can be avoided. Thus by directing the focused charged particle
device onto the modification region within the substrate of the semiconductor article, the
structure with the region of interest is moved. It is advantageous, if the modification
region is far enough away from the ROI so not to contaminate that region while still
being close enough to effect a motion of the structure. The particular distances will

depend on the material of the substrate, the size of the structure and other parameters.

In another aspect of the invention a gas field ion microscope is used as a focused charged

particle device.

In another aspect of the invention the gas used to form the gas ions comprises a noble gas

i.e. one of one of Helium, Neon, Argon, Krypton or Xenon.
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In another aspect of the invention one of an electron gun or a metal ion gun is used as the
focused charged particle device. These types of focused charged particle device are
commonly known. An electron gun is described in
https://en.wikipedia.org/wiki/Transmission_electron microscopy#/media/File:Electron-

gun.svg and a metal ion gun in EP 0 091 777 A2.

The gas ions are directed towards the modification region in the substrate. In the substrate
the ions combine with surrounding electrons to form electrically neutral gas atoms. These
gas atoms accumulate within the modification region in the substrate. The modification
region does not have clear boundary. It serves as a target area for the gas ions. The gas
ions then form one or more gas bubbles within the substrate. These gas bubbles are

centered around the modification region

In another aspect of the invention a measuring device to measure a property of the
structure is provided. With this measuring device the region of interest can be
investigated. A wide variety of measuring devices is known. Measuring devices can
comprise an optical microscope, an electron microscope, a mass spectrometer, a scanning
probe microscope (SPM). It is also possible to combine several measuring devices in
parallel or sequentially. Roughness values in the ROI of the structure are typically of a
scale below 1 nm, current noise levels of sidewalls are around 100 picometer. Therefore,
a measuring device that can support a resolution that can resolve these features is
preferred. Current SPM system can achieve a noise level in the range of 20 picometer.

Therefore, the use of an SPM is especially advantageous.

Scanning probe microscopes scan a sample or the surface thereof with a probe and
thereby provide measurement data for producing a representation of the topography of
the sample surface. A distinction is made between various SPM types, depending on the
type of interaction between the measurement tip of a probe and the sample surface.
Frequently, scanning tunneling microscopes (STM) are used in which a voltage is applied
between the sample and the measurement tip, which are not in contact with one another,

and the resulting tunnel current is measured.

In the case of the scanning force microscope (SFM, or AFM for atomic force

microscope), the measurement tip is deflected by way of atomic forces of the sample
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surface. The force/distance relation is typically described by the Lennard-Jones potential.
The deflection of the measurement tip is roughly proportional to the force acting between
measurement tip and the sample surface. By keeping this force constant during scanning,

the surface topography can be recorded.

In addition to these common SPM types, there are a multiplicity of further device types
and operation modes which are used for specific fields of application, such as magnetic

force microscopes or near-field scanning optical and acoustic microscopes.

Typical SPM types may have difficulty analyzing structures on a sample which have a

high aspect ratio, i.e. a high quotient of depth or height of a structure to its smallest lateral
extent. For this reason, standard SPMs can image deep trenches and steep flanks to only a
limited extent. The limiting effect here is the finite radius of the measurement tip of SPM

probes, in particular the cone angle thereof.

In another aspect of the invention the method comprises moving the structure, where the
structure comprises at least one side not accessible to the measuring device and a region
of interest that is at least partially located on this side, to a position, where the region of
interest is accessible to the measuring device and subsequently measuring a property of

the structure in at least a part of the region of interest.

A variety of properties can be measured. Of particular importance are the line edge
roughness (LER) and the line width roughness (LWR) and areal surface roughness
parameters. These arcal surface parameters are becoming increasingly important. The
ISO 25178 norm defines several parameters. Areal surface parameters are able to
describe the topography of a surface in more detail than the single number parameters
LER and LWR. It can also be envisioned to parametrize a surface in an areal base
expansion. The actual base functions will depend on the shape of the surface. Well
known examples for one-dimensional functions are Legendre-polynomials, Hermite
polynomials or others. These can be easily generalized to the 2-D case of surfaces. An
example for functional basis on the unit circle are e.g. the Zernike polynomials.
Furthermore other properties like conductivity, work function or to some extend viscosity

can be measured.
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In another aspect of the invention the inventors realized that to expose the region of
interest on the structure to the measuring tip of an AFM or SPM the structure should be
tilted by an angle B. Since the sidewall should be accessible to the measuring tip it should
at least be tilted by an angle of 45°, preferably by an angle of 60° more preferably by an
angle of 90°.

Alternatively, the feature to be investigated could be just vertically lifted. In this case a
special sidewall scanning procedure e.g. with a sphere AFM tip would be preferred. Due
to the nature of the deposition process combinations of lifting and tilting of the structure

are also possible.

In another aspect of the invention the substrate of the semiconductor article comprises a
crystalline material. Typical crystalline materials comprise one of silicon, germanium,
diamond, SiSiC, GaN, SiGe, GaAs. Without being bound by theory it is thought that the
gas atoms accumulate and grow to build bubbles filled with gas in the crystal lattice.
These gas bubbles are located in the modification region of the substrate. While the
method is used to move structures on semiconductor articles, the deposition of gas
bubbles in a crystalline material could conceptually also be used in other areas e.g. in

mineralogy.

In another aspect of the invention the deposition of the particles of the focused charged
particle beam device in the modification region of the substrate thereby causes a change
in volume of the at least the modification region. This change in volume in the
modification region leads to mechanical stresses in the substrate. The material of the
substrate then reacts to these stresses by deforming. In particular a change in the surface
of the substrate can occur. This in turn leads to moving the structure with the ROI on the

surface of the substrate of the semiconductor article.

In some instances, it is sufficient to move the structure with the ROI on the surface to be
accessible to the measuring device. Therefore a permanent change in the volume of at
least the modification region would be acceptable. In other cases, the change in volume
of at least the modification region can be reversible. Thus the gas bubbles could be

removed ¢.g. by diffusion processes from the substrate of the semiconductor article.
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Therefore, there is one aspect of the invention, where the change in volume of at least the
modification region of the substrate is an increase in volume. This increase in volume
leads to a bulging or swelling in the substrate when compared with the reference surface

plane of the substrate.

In another aspect of the invention the change in volume of at least the modification
region of the substrate is a decrease in volume. In particular, when using a focused
clectron device a compaction of the substrate in the modification region can be effected.
This compaction leading to a depression in the substrate when compared with the
reference surface plane of the substrate. Causing a depression in at least the modification
region of the substrate will cause the structures near the modification region to tilt
inwards towards the modification region. In the case of an increase of the volume in at
least the modification region of the substrate will cause the structures near the

modification region to tilt away from the modification region.

The inventors realized that it is important to control the movement of the structures in
particular of the structure with the ROI that is inaccessible to the measuring device.
Several parameters can be used to control the motion of the ROI on the structure on top

of the substrate.

In one aspect of the invention the beam of charged particles forms an angle o between the
direction of charged particle and the reference surface plane of the substrate. Controlling
this angle allows different positions of the modification region. Since the charged
particles penetrate a certain distance into the material, changing the angle a allows the
positioning of the modification region under the structure with the ROI. Another
parameter to control the change in volume and therefore in turn the motion of the
structure with the ROI is to change the penetration depth of the charged particle. This can
be done by changing the average energy of the charged particles. Often this is controlled

by the acceleration voltage of the focused charged particle device.

In another aspect of the invention a dwell time of the focused charged particle beam in

the modification region is controlled. The longer the dwell time in a particular
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modification region is the more charged particles can accumulate in the modification
region. Therefore, for an electron beam the compaction increases with longer dwell time.
This in tumn leads to a larger tilt of the structure with the ROI. In the case of a deposition
of gas bubbles a longer dwell time leads to a larger amount of deposited gas. This in turn
leads to larger gas bubbles and a larger change in volume of at least the modification

region of the substrate. This will create a larger tilt of the structure with the ROL

In another aspect of the invention the motion of the structure with the ROI is controlled
by setting a spot size of the focused charged particle beam on the surface of the
semiconductor article. By setting the spot size a larger or smaller modification region can
be affected. In this way the modification region forms a voxel within the substrate of the
semiconductor article. The size of this voxel corresponds to the size of the spot of the
focused charged particle beam. In another aspect of the invention more than one of these
voxels can be arranged in the substrate of the semiconductor device. This is the same as
defining several modification regions in the substrate. These modification regions or
voxels can then be arranged in pattern to affect a more complex motion of the structure
with the ROI or to affect more than one structure with more than one region of interest.
Alternatively, these voxels can be combined to form elongated or curved modification

regions.

In another aspect of the invention the semiconductor article is cut to guide the motion of
the structure. The technique of relation cuts is well known from classical mechanics.
Trenches can be cut into the surface of the substrate of the semiconductor article. These
can be used to guide the motion induced by the volume change of the modification
region. Depending on the direction, these cuts can be used to enhance or lessen the
motion. If a focused gas ion beam device is used as a focused charged particle device,
this can also be used to create the cuts. In another aspect one kind of gas, e¢.g. helium
ions, is used to deposit gas in the substrate and a second kind of gas, e.g. neon ions, is

used to create the guiding cuts in the substrate.

In another aspect of the invention the focused charged particle beam device is used to
record an image of the semiconductor article, while modifying the substrate. This has the

advantage that during the deposition of the charged particles within the modification
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region of the substrate the correct positioning of the charged particle beam can be
controlled, thus ascertaining that the ROI on the structure that is to be tilted is not

contaminated or otherwise directly affected.

In another aspect of the invention the inventors realized that an iteration between a
deposition of material and a removal of substrate may be necessary. The focused charged
particle beam is then used to remove at least part of the increased volume of the substrate.
Typically, the deposition of any gas bubbles will occur within a penetration depth.
Therefore, the gas bubbles will be located some distance in the substrate. This distance
may be 100 nm or more. The material that will be removed, will be removed from the
deformed surface of the substrate. Therefore, it will be material of the original substrate

of the semiconductor article.

In another aspect of the invention the particles used for the volume removal are different

from the particles used for the increase in volume of the modification region.

In another aspect of the invention multiple steps of increasing the volume of the

modification region and/or removing parts of increased volume are sequentially executed.

The above methods can be executed with an inspection device for inspecting a
semiconductor article. This inspection device needs a focused charged particle beam
device, a semiconductor article holder on a semiconductor article stage, a measuring

device and an clectronic control system for the charged particle beam device.

As a measuring device a scanning probe microscope in particular an atomic force

microscope is preferable.

If more than one modification region or voxel needs to be modified within the substrate
of the semiconductor article, the focused charged particle beam needs to scan over the
surface of the semiconductor article. To achieve this the inspection comprises a scanning

device for scanning the charged particle beam device.

To achiceve additional positioning capabilitics a sample stage and a sample holder that can
be moved laterally and/or vertically. Additionally tilting capability of the sample stage

and the sample holder are also preferable. Since in the context of the present invention

10
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the sample is always a semiconductor article, the terms semiconductor article and sample

are synonymous.

In another aspect the inspection device comprises an imaging unit connected to the
focused charged particle beam device for generation of images of the surface of the

substrate and/or a measurement collection unit connected to the measuring device.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 schematically illustrates a gas focused ion beam system.
Fig. 2 schematically illustrates the creation of gas ions in a gas focused ion beam system.

Fig. 3a schematically illustrates the method of the invention at a time of starting the

method. The ROI is not accessible to the measuring device.

Fig. 3b schematically illustrates the method of the invention at a time when the region of
interest on the structure has been moved and the region of interest has been made

accessible to the measuring device.

Fig. 4 schematically illustrates an atomic force microscope.

List of reference numbers

100 Gas field ion microscope
110 Gas source

120 Gas field ion source

130 Ion optics

140 Sample manipulator

150 Front side detector

160 Back side detector

170 Electronic control system
172a-172f Communication lines

11
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180, 410
181,215, 415
182
186
187
188
190
192
194
210
216
220
225
230
240
250
290
400
420
425
430
440
450
455
460
465
470
480
482
484
490

PCT/EP2019/077927

Sample, semiconductor article

Surface of sample, surface of semiconductor article
Gas

Electrically conductive tip of gas field ion microscope
Tip apex of gas ficld ion microscope
Suppressor

Extractor

Ion beam

Particles

Substrate of semiconductor article
Reference surface plane

Structure of semiconductor article
Region of interest

Modification region

Measuring device

Focused charge particle device

Charged particle beam

Atomic force microscope

Scanning device of AFM

Sample stage, semiconductor article stage
Measurement tip of AFM

Cantilever of AFM

Attachment unit

Probe

Laser system

Laser beam

Photodetector

Control device of AFM

Second connection of AFM

Supply line of AFM

Second laser system
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495 Laser beam

Description of drawings

Ions can be produced and used for sample imaging and other applications in microscope
systems. Microscope systems that use a gas field ion source to generate ions that can be
used in sample analysis ( e.g., imaging) are referred to as gas field ion microscopes. A
gas field ion source is a device that includes an clectrically conductive tip (typically
having an apex with 10 or fewer atoms) that can be used to ionize neutral gas species to
generate ions ( e.g., in the form of an ion beam) by bringing the neutral gas species into
the vicinity of the electrically conductive tip ( ¢.g., within a distance of about four to five
angstroms) while applying a high positive potential (e.g., one kV or more relative to the
extractor (see discussion below)) to the apex of the electrically conductive tip.

FIG. 1 shows a schematic diagram of a gas field ion microscope system 100 that
includes a gas source 110, a gas field ion source 120, ion optics 130, a sample
manipulator 140, a front-side detector 150, a back-side detector 160, and an electronic
control system 170 ( ¢.g., an electronic processor, such as a computer) clectrically
connected to various components of system 100 via communication lines 172a-172f. A
sample 180 is positioned in/on sample manipulator 140 between ion optics 130 and
detectors 150, 160. During use, an ion beam 192 is directed through ion optics 130 to a
surface 181 of sample 180, and particles 194 resulting from the interaction of ion beam

192 with sample 180 are measured by detectors 150 and/or 160.

In general, it is desirable to reduce the presence of certain undesirable chemical species in
system 100 by evacuating the system. Typically, different components of system 100 are
maintained at different background pressures. For example, gas field ion source 120 can
be maintained at a pressure of approximately 107'° Torr. When gas is introduced into gas
field ion source 120, the background pressure rises to approximately 107 Torr. Ion optics

130 are maintained at a background pressure of approximately 10 Torr prior to the

13
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introduction of gas into gas field ion source 120. When gas is introduced, the background

pressure in ion optics 130 typically increase to approximately 107 Torr.

Sample 180 is positioned within a chamber that is typically maintained at a background
pressure of approximately 10 Torr. This pressure does not vary significantly due to the

presence or absence of gas in gas field ion source 120.

As shown in FIG. 2, gas source 110 is configured to supply one or more gases 182 to gas
field ion source 120. As described in more detail below, gas source 110 can be
configured to supply the gas(es) at a variety of purities, flow rates, pressures, and
temperatures. In general, at least one of the gases supplied by gas source 110 is a noble
gas (helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe)), and ions of the noble
gas are desirably the primary constituent in ion beam 192. In general, as measured at
surface 181 of sample 180, the current of ions in ion beam 192 increases monotonically
as the pressure of the noble gas in system 100 increases. In certain embodiments, this
relationship can be described by a power law where, for a certain range of noble gas
pressures, the current increases generally in proportion to gas pressure. During operation,
the pressure of the noble gas is typically 10~ Torr or less (e.g., 107 Torr or less, 10 Torr
or less), and/or 107 Torr or more (e.g., 10 Torr or more, 107 Torr or more) adjacent the
tip apex (see discussion below). In general, it is desirable to use relatively high purity
gases (¢.g., to reduce the presence of undesirable chemical species in the system). As an
example, when He is used, the He can be at least 99.99% pure (¢.g., 99.995% pure,
99.999% pure, 99.9995% pure, 99.9999% pure). Similarly, when other noble gases are
used (Ne gas, Ar gas, Kr gas, Xe gas), the purity of the gases is desirably high purity

commercial grade.

Optionally, gas source 110 can supply one or more gases in addition to the noble gas(es).
As discussed in more detail below, an example of such a gas is nitrogen. Typically, while
the additional gas(es) can be present at levels above the level of impurities in the noble
gas(es), the additional gas(es) still constitute minority components of the overall gas

mixture introduced by gas source 110. As an example, in embodiments in which He gas
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and Ne gas are introduced by gas source 110 into gas field ion source 120, the overall gas
mixture can include 20% or less (e.g., 15% or less, 12% or less) Ne, and/or 1 % or more
(e.g., 3% or more, 8% or more) Ne. For example, in embodiments in which He gas and
Ne gas are introduced by gas source 110, the overall gas mixture can include from 5% to
15% (e.g., from 8% to 12%, from 9% to 11 %) Ne. As another example, in embodiments
in which He gas and nitrogen gas are introduced by gas source 110, the overall gas
mixture can include 1 % or less (e.g., 0.5% or less, 0.1 % or less) nitrogen, and/or 0.01 %
or more (e.g., 0.05% or more) nitrogen. For example, in embodiments in which He gas
and nitrogen gas are introduced by gas source 110, the overall gas mixture can include
from 0.01 % to 1 % (e.g., from 0.05% to 0.5%, from 0.08 to 0.12%) nitrogen. In some
embodiments, the additional gas(es) are mixed with the noble gas(es) before entering
system 100 (e.g., via the use of a gas manifold that mixes the gases and then delivers the
mixture into system 100 through a single inlet). In certain embodiments, the additional
gas(es) are not mixed with the noble gas(es) before entering system 100 (e.g., a separate
inlet is used for inputting each gas into system 100, but the separate inlets are sufficiently
close that the gases become mixed before interacting with any of the elements in gas field

ion source 120).

Gas field ion source 120 is configured to receive the one or more gases 182 from gas
source 110 and to produce gas ions from gas(es) 182. Gas ficld ion source 120 includes
an clectrically conductive tip 186 with a tip apex 187, an extractor 190 and optionally a
suppressor 188. Typically, the distance from tip apex 187 to surface 181 of sample 180
(not shown in FIG. 2) is five cm or more (¢.g., 10 cm or more, 15 cm or more, 20 cm or
more, 25 cm or more), and/or 100 cm or less (e.g., 80 cm or less, 60 cm or less, 50 cm or
less). For example, in some embodiments, the distance from tip apex 187 to surface 181
of sample 180 is from five cm to 100 cm (e.g., from 25 cm to 75 cm, from 40 cm to 60

cm, from 45 cm to 55 cm).

Electrically conductive tip 186 can be formed of various materials. In some
embodiments, tip 186 is formed of a metal ( e.g. tungsten (W), tantalum (Ta), iridium

(Ir), thenium (Rh), niobium (Nb), platinum (Pt), molybdenum (Mo)). In certain
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embodiments, electrically conductive tip 186 can be formed of an alloy. In some
embodiments, electrically conductive tip 186 can be formed of a different material ( e.g.,

carbon (C)).

During use, tip 186 is biased positively ( ¢.g., approximately 20 kV) with respect to
extractor 190, extractor 190 is negatively or positively biased ( ¢.g., from -20 kV to +50
kV) with respect to an external ground, and optional suppressor 188 is biased positively
or negatively ( e.g., from -5 kV to +5 kV) with respect to tip 186. Because tip 186 is
formed of an clectrically conductive material, the electric field of tip 186 at tip apex 187
points outward from the surface of tip apex 187. Due to the shape of tip 186, the clectric
field is strongest in the vicinity of tip apex 187. The strength of the electric field of tip
186 can be adjusted, for example, by changing the positive voltage applied to tip 186.
With this configuration, un-ionized gas atoms 182 supplied by gas source 110 are ionized
and become positively-charged ions in the vicinity of tip apex 187. The positively-
charged ions are simultancously repelled by positively charged tip 186 and attracted by
negatively charged extractor 190 such that the positively-charged ions are directed from
tip 186 into ion optics 130 as ion beam 192. Suppressor 188 assists in controlling the
overall electric field between tip 186 and extractor 190 and, therefore, the trajectories of
the positively charged ions from tip 186 to ion optics 130. In general, the overall electric
field between tip 186 and extractor 190 can be adjusted to control the rate at which
positively-charged ions are produced at tip apex 187, and the efficiency with which the

positively-charged ions are transported from tip 186 to ion optics 130.

As an example, without wishing to be bound by theory, it is believed that He ions can be
produced as follows. Gas field ion source 120 is configured so that the electric field of tip
186 in the vicinity of tip apex 187 exceeds the ionization ficld of the un-ionized He gas
atoms 182, and tip 186 is maintained at a relatively low temperature. When the unionized
He gas atoms 182 are in close proximity to tip apex 187, the He atoms can be polarized
by the electric field of the tip, producing a weakly attractive force between He atoms 182
and tip apex 187. As a result, He atoms 182 may contact tip apex 187 and remain bound

(c.g., physisorbed) thereto for some time. In the vicinity of tip apex 187, the electric field
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is high enough to ionize He atoms 182 adsorbed onto tip apex 187, generating positively

charged He ions ( e.g., in the form of an ion beam).

Fig 3a and Fig 3b depict two stages of the inventive method. In Fig. 3a the step at the
start of the method is shown. A focused charged particle beam device 250 is provided.
The semiconductor article comprises a substrate 210 with a substrate surface 215. A
reference substrate plane 216 of the semiconductor article 180 is also depicted with a
dotted line. This reference substrate plane serves to define a plane without having to take
into account minute variations of the actual surface of the semiconductor article 180. As
such the reference surface plane 216 can be the best fit to the real surface or a part of the
real surface of the semiconductor article 180. On top of the surface of the semiconductor
article structures 220 are positioned. The semiconductor article 180 may be a wafer or a
mask for lithography. In both cases a plurality of structures is arranged on the
semiconductor device. These structures 220 range from isolated lines over dense and
semi-dense lines and spaces, contact holes to full transistor structures like MOSFET or
the particular FinFET structure. Only four structures 220 are shown in figure 3a. On one
of the structures 220 a region of interest (ROI) 225 is defined. This region of interest 225
is not accessible to a measuring device 240. A modification region 230 is defined within
the substrate. This modification region 230 is different from the region of interest 225 on
the structure 220. The modification region 230 should be located near the structure 220
with the ROI 225. If the modification region 230 is too far away from the structure 220
with the ROI 225, then it will be difficult to change the modification region 230 so much
that a movement of the structure 220 with the ROI 225 can be affected. The best distance
will depend on a variety of parameters. The person skilled in art will either easily be able
to locate a good position or find a good position by simply repeating the experiment
several times. In current semiconductor devices a typical distance will be less than one
micrometer, preferably less than 100 nm. The substrate 210 in the modification region
230 is then modified with particles from the focused charged particle device 250 by
directing a beam 290 of charged particles at the modification region 230. In the figure the
charged particles are depicted symbolically as circles. It is clear that a particle beam 290

will have a distribution of particles with a finite cross section. Since the beam of charged
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particles 290 is focused this cross section of the beam will vary with distance from the
substrate 210. An average beam direction can be defined. This is shown as the dotted line

in the charged particle beam 290.

In this particular embodiment a gas ficld ion microscope is used for providing the focused
charged particle beam 290. As a gas helium or neon ions are used. Other gases,
preferably noble gases as Argon, Krypton or Xenon are also possible. Smaller ions like
helium have the advantage to penetrate more easily into the substrate 210 of the
semiconductor article 180. Additionally larger ions are more likely to sputter material of
the substrate 210 or surrounding structures 220 away, thus introducing a source for

contamination.

The method is particularly suited when the substrate comprises a crystalline material. The
crystalline material can comprise one of silicon, germanium, gallium nitride, gallium

arsenide, silicon germanium, diamond, SiSiC.

Fig 3a further shows a measuring device 240. The measuring device is can be a scanning
probe microscope, in particular an atomic force microscope. The ROI 225 on the
structure 220 is not accessible to the measuring device. The width of the structures 220 is
typically less than 50nm. In particular if the pitch of repeating structures is small, e.g.
smaller than three times of the AFM tip apex diameter the ROI 225 is not accessible. This
problem increases for higher aspect rations of the cross section of the structures 220.
Aspect ratios defined as the ratio of width to height of a structure 220 can be e.g. 1:1,

1:10 or 1:100 or any ratio in between.

To control the movement of the structure 220 with the ROI 225, it is important to control
several aspects of the focused charge particle beam 290. To be able to control these an

clectronic control system needs to be present in the focused charged particle device 250.

One of several control parameters is an angle B between a focused charged particle beam

290 and a reference surface plane 216 of the semiconductor article 180. With this angle 3
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the charged particle beam 290 is aimed towards the modification region 230. This angle 3
can be adjusted according to the wanted position of the modification region, the height
and pitch of the structures 220 surrounding the structure 220 with the ROI 225. A further
parameter can be the dwell time of the charged particle beam 290 on the substrate 210.
Furthermore a spot size (not shown) of a focused charged particle beam 290 on the
surface 215 of the substrate 210 can be set. With a current gas focused ion beam typical
spot sizes are of 1 nm diameter or less. The spot size can be changed by changing the

focus on the ion optics of the focused charged particle beam device 250.

Fig. 3b shows the situation after the method has been performed. The focused charged
particle beam device 250 does not emit any charged particles. The particles, in this case
the helium ions that have recombined to helium atoms, have been deposited in the
modification region 230. The helium atoms are depicted as small white circles. The
particles can aggregate in small gas bubbles in and around the modification region 230.
They could also integrate into the crystal lattice of the substrate 210. How the particles
are arranged within the substrate 210 can vary from substrate material to substrate
material. In experiments with a crystalline silica substrate and helium ions several voids
or gas bubbles of different sizes were created. The sizes of these bubbles were observed
to be less than 20 nm in diameter. Many were less than this diameter. The important
feature is that in every case an effect on the substrate 210 is observed. The deformation of
the surface 215 of the substrate 210 moves the structure 220 with the ROI 225. In the
case of Fig 3b it has been moved so that the ROI 225 is now accessible to the measuring
system 240. In a next step a property of the structure 220 in at least a part of the region of
interest 225 is measured. A topographical map of the ROI 225 can then be created.

Of particular importance are the line edge roughness (LER) and the line width roughness
(LWR) and areal surface roughness parameters. These arcal surface parameters are
becoming increasingly important. The ISO 25178 norm defines several parameters. Arcal
surface parameters are able to describe the topography of a surface in more detail than the
single number parameters LER and LWR. It can also be envisioned to parametrize a

surface in a mathematical expansion. The actual base functions will depend on the shape
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of the surface. Well known examples for one-dimensional functions are Legendre-
polynomials, Hermite polynomials or others. These can be easily generalized to the 2-D
case of surfaces. An example for functional basis on the unit circle are e.g. the Zernike
polynomials. Furthermore other properties like conductivity, work function or to some

extend viscosity can be measured.

In Fig 3b the helium particles have been deposited in the modification region 230 of the
substrate 210 thereby causing a change in volume of at least the modification region 230
of the substrate. Other particles can be used to achieve this effect as well. In particular
any noble gas is well suited. In the embodiment shown in Fig 3b the volume of at least
the modification region 230 has increased. This led to a change in the surface 215 of the
substrate 210, in particular a swelling or rising of the substrate. This in turn led to a tilting
of the structure 220 by an angle a so that the ROI 225 is now accessible to the measuring
device 240. This angle o is defined as the angle between the surface normal of the ROI
225 before the moving of the structure 220 (shown as dashed arrow) and the surface
normal of the ROI 225 after the moving of the structure 225 (shown in Fig 2b as a solid

arrow).

Additionally the structure 220 has also been lifted in a direction perpendicular to the
reference surface plane 216. To make the ROI 225 accessible to the measuring device
240 a tilt of at least 45°, preferable 60°, more preferably 90° should be introduced. In
addition to the tilting of a structure 220 the semiconductor article can be positioned in a
semiconductor article holder and put on a semiconductor article stage. In the terminology
of measuring devices the semiconductor article is here a sample to be measured. It is
preferred if the semiconductor article stage and/or the semiconductor article holder can be
moved laterally and/or vertically. Additionally tilting capability of the semiconductor

article stage and the semiconductor article holder are also preferable.

In the present embodiment the focused charged particle beam device 250 was used to
record an image of the semiconductor article, while modifying the substrate 210. This is

advantageous because during deposition of the charged particles the positioning of the
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charged particle beam 290 can be in-situ observed. If through the change in volume of the
substrate 210 and the movement of the surface 215 the charged particle beam 290 is no
longer focused on the modification region 230 the target can be adjusted. This is of
particular advantage, if imaging and deposition is done with the same charged particle

beam 290. Images can be stored in an image storage medium.

In the present embodiment the motion of the structures 220 also deformed the sidewalls
of the structure 220 comprising the region of interest 225. This may have been caused by
neighboring structures 220 colliding with the structure 220 comprising the ROI 225 or by
another mechanism. A deformation of the ROI 225 will result in a new shape. That shape
can be subtracted from the measured topographical map of the region of interest 225.
Since the deformations will be in a complete different regime of spatial frequencies from
the statistical variation (LER, LWR and the like) a subtraction of the new sidewall in the
ROI 225 is possible.

Alternatively a further material correction step can be applied, where at least a part of the
increased volume is removed using the charged particle beam device 250. In is
advantageous to use the different particles for the volume removal from the particles used

for the increase in volume of the modification region 230.

In this way same of the structures 220 that do not contain the ROI 225 can be removed,
thus reducing the deformation of the sidewall of the structure 220 containing the ROI
225. Alternatively or additionally parts of the substrate 210 can also be removed. If

necessary these steps can be repeated in an iteration until a sufficient result is reached.

The atomic force microscope 400 illustrated in figure 4 can be operated under ambient
conditions or in a vacuum chamber (not illustrated in figure 4). The sample 410 to be
analyzed is arranged on a sample stage 425. The sample stage 425 or the tip can be
moved in three spatial directions by way of a scanning device 420. The scanning device
420 comprises for example one or more micro-displacement elements, for example in the

form of piczo actuators (not shown in figure 4). The probe 455 or the measurement
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probe 455 comprises a tip 430 or a measurement tip 430 and a cantilever 440 for the

measurement tip 430.

The measurement tip 430 of the probe 455 can operate in a plurality of operating modes.
For one, it can be scanned over the surface 415 of the sample 410 at a constant height
without feedback control. Alternatively, the probe 455 can be guided over the sample
surface 415 with a constant force in a closed feedback loop. It is furthermore possible
with the aid of a modulation method to make the cantilever 440 oscillate perpendicular to
the sample surface 415 and as a result to scan the surface 415 of the sample 410 in a
closed feedback loop. Here, the cantilever 440 can oscillate at its resonant frequency or
carry out a forced oscillation at a specified frequency. In the former case, i.c. the
cantilever 440 or the probe 455 oscillates in frequency, a frequency modulation (FM)
demodulation occurs, in which case the frequency change brought about by the
interaction between the measurement tip 430 and the sample 410 is measured. In the case
of a forced oscillation near the resonant frequency, an amplitude modulation (AM)
demodulation is carried out in order to detect the amplitude of the oscillation which is
changed owing to the interaction between the measurement tip 430 and the sample

surface 415.

In order to measure the deflection of the measurement tip 430 or of the cantilever 440 by
the surface 415 of the sample 410, in one embodiment of the atomic force microscope
400, a laser system 460 directs a laser beam 465 onto the tip of the cantilever 440. The
laser beam 465 which is reflected by the cantilever 440 is recorded by a photodetector
470. The photodetector 470 frequently has a four-quadrant configuration. As a result, it is
possible to not only measure a z-movement of the measurement tip 430 (i.c.
perpendicular to the sample surface 415), but also a movement of the measurement tip
430 in the x-direction, i.c. pivoting of the tip 430. In the prior art, lateral forces occur
mainly in contact mode, where the measurement tip 430 is guided over the sample 410 in
contact with the surface 415. The lateral forces give an indication of the material of a just

examined sample surface 415.
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Alternatively, an interferometer can be used to ascertain the pivoting of a measurement
tip 430 (not shown in figure 4). Examples of interferometer types that can be used for this
purpose are a Michelson interferometer or a Mach-Zehnder interferometer. In addition, a
deflection of the measurement tip 430 can also be detected with the aid of piezoresistive
clements or sensors of the cantilever 440 (not illustrated in figure 4). It is morcover also
possible for the deflection of the measurement tip 430 to be determined from a
combination of optical signals and the measurement data of piezoresistive elements

(likewise not shown in figure 4).

Many types and modes of operation of an atomic force microscope 400 exist. As a
possible improvement of the atomic force microscope 400 it furthermore has a control
device 480. The latter is connected to a second laser system 490 by a supply line 484 for
a control signal. In the example illustrated in figure 4, the laser beam 495 of the second
laser system 490 is directed onto one of the arms or beams of the cantilever 440 of the

probe 455 so as to bring about local heating of the beam or of the arm of the cantilever

440.
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CLAIMS:

1. A Method for moving a structure (220) on a semiconductor article (180,410)

10

15

20

25

30

comprising:

e Providing a focused charged particle beam device (250)

e Providing a semiconductor article (180,410) comprising a substrate (210),
a surface (181,215,415) and a structure (220)

e Defining a region of interest (225) on the structure (220)

e Defining a modification region (230) in the substrate (210), where the
modification region (230) is different from the region of interest (225)

e Modifying the substrate (210) with the focused charged particle beam
device (250) in the modification region (230) to move the structure (220).

. Method according to claim 1, where the focused charged particle beam device

(250) comprises a gas ficld ion microscope.

. Method according to claim 2, where the gas comprises one of Helium, Neon,

Argon, Krypton or Xenon.

. Method according to any of the preceding claims, further providing a measuring

device (240) to measure a property of the structure (220).

. Method according to claim 4 further comprising:

e moving the structure (220), where the structure (220) comprises at least
one side not accessible to the measuring device (240) and a region of
interest (225) that is at least partially located on this side, to a position,
where the region of interest (225) is accessible to the measuring device
and

e measuring a property ofthe structure (220) in at least a part of the region
of interest (225).

. Method according to claim 4 or 5 where the measured property is one of a line

edge roughness (LER), line width roughness (LWR) or a two-dimensional
topography.

. Method according to claim 4 or 5 where moving the structure (220) comprises

tilting the structure (220) by an angle f.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Method according to claim 7 where the angle B is at least 45°.

Method according to any of the claims 4 to 8 where the measuring device (240) is
one of a scanning probe microscope or an atomic force microscope.

Method according to one of the preceding claims where the substrate (210)
comprises a crystalline material.

Method according to claim 10 where the crystalline material comprises one of
silicon, germanium, gallium nitride, gallium arsenide, silicon germanium,
diamond, SiSiC.

Method according to one of the preceding claims further comprising depositing
particles of the focused charged particle beam device (250) in the modification
region (230) of the substrate (210) thereby causing a change in volume of at least
the modification region of the substrate (210).

Method according to claim 12 where the change in volume of at least the
modification region (230) increases the volume of the modification region (230).
Method according to claim 12 where the change in volume of at least the
modification region (230) decreases the volume of the modification region (230).
Method according to one of the preceding claims further comprising setting an
angle o between a focused charged particle beam (290) and a reference surface
plane (216) of the semiconductor article (180,410) to control the motion of the
structure (220).

Method according to one of the preceding claims further comprising setting a
dwell time of a focused charge particle beam (290) on the modification region
(230) of the substrate (210) to control the motion of the structure (220).

Method according to one of the preceding claims further comprising setting a spot
size of a focused charged particle beam (290) on the surface of the substrate (210)
to control the motion of the structure (220).

Method according to one of the preceding claims further comprising cutting the
semiconductor article (180,410) outside the region of interest (225) to guide the
motion of the structure (220).
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19.

20.

21.

22.

23.

24

25.

26.

27.

28.

Method according to one of the preceding claims further comprising using the
focused charged particle beam device (250) to record an image of the
semiconductor article (180,410), while modifying the substrate (210).
Method according to claim 13 further comprising a material correction step,
where at least a part of the increased volume is removed using the charged
particle beam device (250).
Method according to claim 20 where the particles used for the volume removal
are different from the particles used for the increase in volume of the modification
region (230).
Method according to claim 20 or 21 where multiple steps of increasing the
volume of the modification region (230) and/or removing parts of increased
volume are sequentially executed.
An inspection device for inspecting a semiconductor article (180,410) with a
method according to one of the preceding claims comprising

e A focused charged particle beam device (250)

e A semiconductor article holder on a semiconductor article stage (425)

e A measuring device (240)

e An clectronic control system (170) for the charged particle beam device

(250)

. An inspection device according to claim 23 where the focused charged particle

beam device (250) is a focused ion beam device and the measuring device (240) is
one of a scanning probe microscope or an atomic force microscope.

An inspection device according to claim 23 or 24 further comprising a scanning
device for scanning the charged particle beam device (250).

An inspection device according to one of claim 23 to 25 where the semiconductor
article stage (425) is tiltable and/or rotatable.

An inspection device according to one of claim 23 to 26 comprising an imaging
unit connected to the focused charged particle beam device (250) for generation
of images of the surface (181) of the substrate (210).

An inspection device according to one of claim 23 to 27 comprising a

measurement collection unit connected to the measuring device.
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