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(57) ABSTRACT

A method for determining a height position of an object at
of using a microscope which images using a point-spread
function along a z-direction (height direction), comprising
the steps of imaging the object in the far field and deter-
mining a far-field intensity, calculating a maximum intensity
expected by multiplying the far-field intensity by a scaling
factor, partially confocally imaging the object with the focus
in the z-direction within the depth-of-field range, and deter-
mining a partially-confocal intensity of the imaging, calcu-
lating the intensity of the point-spread function (at the first
location) by forming a difference between the partially-
confocal intensity and a product of the far-field intensity and
a predefined combination factor, calculating the z-coordi-
nate of the focus at a point-spread function maximum, using
a previously-known form of the point spread function, its

(51) Int. CL calculated intensity, and the calculated expected maximum
G02B 21/00 (2006.01) intensity, and using the z-coordinate as the height position of
GO0IB 11/06 (2006.01) the object.
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METHOD FOR DETERMINING A HEIGHT
POSITION OF AN OBJECT

PRIORITY CLAIM

[0001] The present application is a National Phase entry of
PCT Application No. PCT/EP2016/080771, filed Dec. 13,
2016, which claims priority from German Patent Applica-
tion Number 102016103736.2, filed Mar. 2, 2016, the dis-
closures of which are hereby incorporated by reference
herein in their entirety.

FIELD OF THE INVENTION

[0002] The invention relates to a method for determining
a height position of an object at a lateral first location of the
object by using a microscope, which images the object with
a point spread function along a z-direction that coincides
with the height direction. The invention further relates to a
microscope for producing a partially confocal image and a
wide field image of an object, wherein the microscope
comprises a detector device, a pinhole device for partially
confocal imaging and for imaging in wide field, a focusing
device which is adapted for setting a z-position of a focus of
the partially confocal image, and a control device for con-
trolling the pinhole device, which control device is con-
nected to the detector device.

BACKGROUND OF THE INVENTION

[0003] Methods are known from the prior art, which can
be used to determine the topography of an object using an
optical microscope. In particular, confocal microscopes are
used herefor. In said known methods, the focus of a partially
confocal image is shifted along a z-direction, i.e. along a
direction of the height extension of the topography, and a
partially confocal image is recorded at each z-position. The
partially confocal imaging is typically provided such that the
image comprises a purely confocal component and a com-
ponent of a wide field. The intensity is determined for each
of said images in the z-direction, which are collectively also
referred to as a stack, and an intensity profile in the z-di-
rection is calculated. On the basis of this calculated intensity
profile, the maximum intensity can be determined, the
z-coordinate of which coincides with the height position of
the object at the measured point. In order to determine the
height positions of the object over an area, the above-
described method is repeated at various locations. For deter-
mining the maximum intensity, it is typically necessary to
carry out a multiplicity of measurements along the z-direc-
tion in order to obtain a proper accuracy for the intensity
maximum, and, thus, the elevation of the object. For this
reason, the method can require with a great expenditure of
time.

[0004] US 2004/0008515 Al relates to an improvement of
fluorescence illumination for three-dimensionally resolving
microscopy. The publication Hiraoka Y. et al., Biophys. J.,
Vol. 57, February 1990, pp. 325-333, explains the ascertain-
ment of the three-dimensional imaging properties in an
optical microscope. McNally J. et al., SPIE, Vol. 2984, 1997,
pp. 52-63, compare several 3D microscopy methods using
an accurately known test object.

SUMMARY OF THE INVENTION

[0005] It is an object of the invention to provide a system
for the quick determination of a height position of an object.
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[0006] Ina method for determining a height position of an
object at a lateral first location of the object by using a
microscope, which images the object with a point spread
function along a z-direction that coincides with the height
direction, the following steps are performed: imaging the
object using the microscope in wide field and determining a
wide field intensity, calculating a maximum intensity that is
expected at the first location by multiplying the wide field
intensity by a predetermined scaling factor, partially confo-
cally imaging the object at the first location with the focus
located at a measurement position in the z-direction,
wherein the partially confocal image defines a depth of field
range and the focus is located within the depth of field range,
and determining a partially confocal intensity of the partially
confocal image at the first location, calculating an intensity
corresponding to the point spread function at the first
location by way of subtraction between the partially confo-
cal intensity and the product of wide field intensity and a
predetermined linking factor, computing a z-coordinate of
the focus in the z-direction at which the point spread
function is maximum using a predetermined form of the
point spread function, the intensity corresponding to the
calculated point spread function and the calculated expected
maximum intensity, and using the z-coordinate as the height
position of the object at the first location.

[0007] The method is preferably used to determine a
topography of a laterally extending object. To this end, the
elevation at a plurality of first locations can be determined,
wherein the first locations have a lateral distance from one
another. The first locations consequently relate in particular
to the lateral extent of the object. The first locations are
preferably spaced apart perpendicularly to the z-direction.
[0008] The method is preferably used in a scanning man-
ner, wherein the claimed method or parts of the method
is/are performed at each scanning point, which can corre-
spond to the first location. The topography of the object can
be determined from the height positions of the individual
first locations.

[0009] The microscope is in particular adapted to image
the object in a partially confocal manner. Partially confocal
in this context is intended to mean that the pinhole limits
imaging in the z-direction, but not in diffraction-limited
manner. Then, the size of the pinhole determines the region
of the first location in the z-direction that is imaged by the
partially confocal imaging. As is generally known, the
resolution in the z-direction increases as the size of the
pinhole decreases.

[0010] Confocal imaging in this context is intended to
mean that the pinhole has an extent that corresponds to the
diffraction limit of the imaging. Partially confocal imaging
in particular comprises components of a purely confocal
image and of the wide field image. In partially confocal
imaging the pinhole is in particular larger than in confocal
imaging. Partially confocal imaging serves in particular for
capturing a so-called composite image.

[0011] The microscope, in particular the optics thereof and
the size of the pinhole, determines the depth of field range
in the z-direction. The depth of field range is thus a property
of the microscope which can be determined in advance by
known methods.

[0012] The object in particular has a topography whose
height variation is in the nanometer to millimeter range. The
object can be any sample which can be optically imaged.
The object can in particular be a biological sample.
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[0013] The partially confocal image defines the depth of
field range. The depth of field range depends on the size of
the pinhole, wherein the depth of field range in the z-direc-
tion increases as the size of the pinhole increases. Conse-
quently, confocal imaging has a smaller depth of field range
in the z-direction than partially confocal imaging. Further,
the depth of field range of a partially confocal imaging is
smaller than the depth of field range of a wide field imaging.
If the size of a confocally imaging pinhole is decreased
further, the depth of field range does not change, but only the
intensity of the confocal image is reduced.

[0014] A wide field imaging is intended to mean in par-
ticular an imaging of the object which has no, or a low,
spatial resolution in the z-direction. This can be done by
providing no pinhole, or a pinhole having a large diameter,
in an imaging beam path which represents the beam path of
the light, from emission or reflection at the first location to
a detector device of the microscope. After wide field imag-
ing, the intensity thereof is determined, which corresponds
to the wide field intensity.

[0015] Wide field imaging can be performed at the first
location or at any other location of the object and preferably
serves for capturing the optical properties, such as for
example the reflectance of the sample. The wide field
intensity is preferably determined only once, such that, when
the method is repeated, the wide field intensity of a previous
measurement is utilized. Determining the wide field inten-
sity only once is suitable in particular if the object is one
whose optical properties, in particular the reflectance, are
constant or approximately constant or change by less than
10%, 20% or 50% over the extent of the object. Conse-
quently, if the method illustrated here is repeated, preferably
wide field imaging of the first location is performed only
once.

[0016] As a further step of the method, the maximum
intensity expected at the first location is calculated, which
corresponds to the maximum intensity that was obtained in
partially confocal imaging or confocal imaging. This calcu-
lation is based on the finding that the maximum intensity in
confocal or partially confocal imaging is proportional to the
wide field intensity. This relationship corresponds to the
scaling factor, which is preferably determined in advance for
the microscope, and in particular on the object. The calcu-
lation of the expected maximum intensity at the first location
can be performed only once if the determination of the wide
field intensity is likewise performed only once. For this
reason, the determination of the expected maximum inten-
sity must not be performed again upon repetition of the
method.

[0017] The partially confocal imaging of the object at the
first location is performed upon repetition of the method in
particular at each of the first locations. The focus of this
image is provided at a z measurement position which is
situated in the depth of field range of the partially confocal
imaging of the microscope. In particular, the z measurement
position is situated in a depth of field range which is
established by confocal imaging. The choice of the z mea-
surement position is preferably random, or the same z
measurement position is used for the partially confocal
imaging at each of the first locations. Establishing the z
measurement position such that it is situated in the depth of
field range of the partially confocal image can be effected by
trial and error or manually. In particular, other known
parameters of the object or of the microscope can be used to
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determine the depth of field range of the partially confocal
imaging. The partially confocal intensity determined from
the partially confocal imaging can preferably be used to
discover whether the z measurement position is situated in
the depth of field range. If this is not the case, this method
step can be repeated until it is certain that the z measurement
position is located in the depth of field range of the partially
confocal imaging.

[0018] The partially confocal imaging is preferably per-
formed by providing a pinhole in the imaging beam path.
The partially confocal imaging consequently has a better
resolution in the z-direction as compared to the wide field
image. Due to the fact that the point spread function for the
microscope can be determined, in particular the precise
profile of the point spread function is known, for example
the deviation of the point spread function from a Gaussian
curve and the standard width. Purely confocal imaging
preferably images the object with the point spread function.

[0019] The maximum intensity of the point spread func-
tion is referred to in particular as the intensity corresponding
to the point spread function. The z measurement position in
the z-direction which coincides with the maximum intensity
of the point spread function can be calculated based on the
assumption that the intensity of a partially confocal imaging
at the first location is equal to the sum of the intensity of a
confocal imaging at the first location and the wide field
intensity multiplied by a linking factor. The linking factor is
determined preferably before performing the method, for
example for the observed object or generally for the micro-
scope. From this relationship it is possible to calculate from
the measured variables, specifically the partially confocal
intensity and the wide field intensity, the intensity corre-
sponding to the point spread function at the first location.
This method step is preferably performed during the topog-
raphy ascertainment for each first location.

[0020] The desired z-coordinate is the position of the
focus in the z-direction at which the intensity of the point
spread function is maximum. It is calculated using the
information relating to the form of the point spread function
and two points which are known of the point spread func-
tion. This is possible since the point spread function in the
z-direction coincides with the intensity profile of a confocal
image. The calculation of the position at which the point
spread function is maximum can be performed for example
by fitting the point spread function to the two known points.

[0021] One of these two known points corresponds to the
intensity of the partially confocal imaging corresponding to
the point spread function and the other corresponds to the
expected maximum intensity which was determined previ-
ously, as described above. The z-coordinate of the focus at
which the intensity profile of the point spread function is
maximum is the height positon of the object at the first
location.

[0022] In the determination of the position for which the
point spread function is maximum, an ambiguity may arise,
but can be resolved as described below. Optionally, this
problem can be solved by way of the determined z-coordi-
nate of the focus being compared to previously determined
z-coordinates, for example by using the z-coordinate of the
two determined z-coordinates that is closest to the previous
measurement as the true position. It is moreover possible for
further information that is known of the object to be used to
resolve the ambiguity.
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[0023] Preferably only one partially confocal imaging step
is performed for determining the height position of the
object at the first location. Since in known methods for
optically determining the topography of an object z-stacks of
typically ten or more partially confocal images with foci
which are spaced apart in the z-direction must be recorded
and these measurements are performed sequentially, the
invention reduces the duration for determining the height
position at the location of the object to up to 10% as
compared to known methods. It is in particular possible with
the method to record a single partially confocal image for
each first location such that, using known confocal imaging
methods, not only a two-dimensional image but even a
three-dimensional image of the object can be produced.

[0024] Tt is preferred that for the partially confocal imag-
ing a pinhole device having an opening which is greater than
a diffraction limit is used, such that the intensity of the
partially confocal imaging comprises components of a wide
field image.

[0025] An advantage of this embodiment is that the inten-
sity profile of the partially confocal imaging depending on
the z-position has a larger depth of field range as compared
to a purely confocal image, i.e. an image in which the
pinhole has an opening that corresponds to the diffraction
limit. The depth of field range in this embodiment is
consequently larger and is easier to set. Moreover, greater
height differences can be determined.

[0026] It is preferred that the scaling factor is determined
by performing the following steps: producing a z-stack by
repeatedly shifting the focus positon in the z-direction and
partially confocal imaging a lateral first calibration location
of a first calibration object or of the object at each focus
position, and determining the partially confocal intensities
for each of the partially confocal images thus obtained;
calculating a z-direction intensity profile at the first calibra-
tion location, and determining a maximum calibration inten-
sity of the intensity profile at the first calibration location;
imaging the first calibration location with the microscope in
wide field, and determining a first calibration wide field
intensity at the first calibration location; and calculating the
scaling factor as a ratio between the maximum calibration
intensity and the first calibration wide field intensity.

[0027] The scaling factor can be determined either on a
first calibration object, which differs from the object, or on
the object itself. The first calibration object preferably has
similar optical properties as the object to be measured,
especially with respect to reflection and scattering of light.
In particular, the object and the first calibration object may
deviate with respect to their optical properties by less than
10%, 20% or 50%. The use of a first calibration object has
the advantage that the determination of the scaling factor
does not need to be performed every time before the method.
Ascertaining the scaling factor on the object to be measured
itself, on the other hand, has the advantage that the scaling
factor is determined with a particularly great accuracy. The
scaling factor is determined in particular before the method
is performed, as was described above.

[0028] The first calibration location can be any desired
location of the first calibration object or of the object. It is
possible for example for the first calibration location to
coincide with the first location, for example if the determi-
nation of the scaling factor is performed right before the
described method is performed.
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[0029] To determine the scaling factor, the z-direction
intensity profile of the partially confocal image is deter-
mined. Here, a pinhole is provided in the imaging beam
path, the opening of which has a size as is used in the method
described below. For the partially confocal imaging, a
pinhole is in particular used which is used both for deter-
mining the scaling factor and also for determining the height
position of the object at the first location.

[0030] The plurality of partially confocal images having
foci shifted in the z-direction form a z-stack and the partially
confocal intensity is determined for each partially confocal
image, such that the intensity profile in the z-direction can
be determined therefrom. The maximum calibration inten-
sity is calculated on the basis of said intensity profile and
correlated to the likewise captured calibration wide field
intensity, which was determined at the first calibration
location. In particular, the scaling factor is the ratio of the
maximum calibration intensity to the first calibration wide
field intensity. The calibration wide field intensity is ascer-
tained in particular like the wide field intensity determined
above.

[0031] It is preferred that the linking factor is determined
by performing the following steps: partially confocally
imaging a lateral second calibration location of a second
calibration object or of the object with the focus located at
a calibration measurement position in the z-direction which
position is within the depth of field range, and determining
a partially confocal calibration intensity of the partially
confocal image at the second calibration location; confocally
imaging the second calibration location with the focus
located at the calibration measurement position, and deter-
mining a confocal calibration intensity of the confocal image
at the second calibration location; imaging the second cali-
bration location with the microscope in wide field, and
determining a second calibration wide field intensity at the
second calibration location; and calculating the linking
factor as a ratio between the difference between the partially
confocal calibration intensity and the confocal calibration
intensity to the second calibration wide field intensity.
[0032] The second calibration object can be identical with
the first calibration object. In particular, the second calibra-
tion object is embodied similarly to the object with respect
to reflection and scattering of light, for example the optical
parameters differ by less than 10%, 20% or 50%. However,
determination of the linking factor is preferably performed
on the object itself. To this end, a partially confocal image
is produced at an arbitrarily chosen second calibration
location, which can coincide with the first calibration loca-
tion or the first location. In particular, the size of the pinhole
in the imaging beam path is the same as in the above-
described method. The pinhole is preferably identical to the
above-described method which is performed after the link-
ing factor was determined.

[0033] The confocal imaging is performed with a pinhole
whose diameter corresponds to the diffraction limit of the
imaging. The pinhole for the partially confocal imaging is
thus larger than the pinhole for the confocal imaging. The
confocal calibration intensity of the confocal image, deter-
mined at the second calibration location, corresponds to a
calibration intensity corresponding to the point spread func-
tion, because the point spread function is obtained in con-
focal imaging.

[0034] The second calibration wide field intensity can
coincide with the first calibration wide field intensity if it is
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determined at the same location as the first calibration wide
field intensity. In particular, the step of imaging the second
calibration location of the microscope in wide field and
determining a second calibration wide field intensity at the
second calibration location can be omitted if the first cali-
bration location coincides with the second calibration loca-
tion.

[0035] The calculation of the linking factor is performed
inversely to the determination of the intensity corresponding
to the point spread function on the basis of the above-
described relationship between intensity of the partially
confocal image, intensity of the confocal image and wide
field intensity.

[0036] It is preferred that the first location is imaged with
the microscope in wide field and a current wide field
intensity is determined at the first location.

[0037] In particular, upon repetition of the above-de-
scribed method, a wide field image is recorded at each of the
first locations and consequently the wide field intensity at
each first location is determined. This procedure has the
advantage that, if the object exhibits strong variations with
respect to optical properties along the extent of the object,
specifically with respect to reflectance or scattering of light,
the appropriate wide field intensity is used in each case.
This, thus, increases the accuracy of the method by deter-
mining the wide field intensity at each first location.

[0038] It is preferred for the method furthermore to have
the following steps: partially confocally imaging the first
location with the first focus at least at two z measurement
positions which are spaced apart in the z-direction and are
situated in each case within the depth of field range, and
determining partially confocal intensities for each partially
confocal image at the first location; calculating the intensi-
ties corresponding to the point spread function at the first
location by way of a respective difference between the
respective partially confocal intensity and a product of wide
field intensity and the predefined linking factor; calculating
the z-coordinate of the focus in the z-direction at which the
point spread function is maximum using the form of the
point spread function, the calculated intensities correspond-
ing to the point spread function and the calculated expected
maximum intensity.

[0039] Inthis preferred embodiment, two or more partially
confocal images of the location are taken, wherein the foci
of the partially confocal images are spaced apart in the
z-direction. The size of the pinhole is preferably identical for
each partially confocal image. Two partially confocal
images and the corresponding determination of the partially
confocal intensities make it possible for the position at
which the point spread function is maximum to be deter-
mined on the basis of three points, specifically the two
intensities corresponding to the point spread function and
the maximum intensity of the point spread function. It is
consequently possible to reliably resolve the ambiguity of
the above-described method.

[0040] It is preferred that, for producing a live determi-
nation of a height profile of the object at a laterally second
location of the object, which differs from the first one, the
second location is imaged in partially confocal fashion and
that, for calculating a z-coordinate of the focus in the
z-direction at the second location, the z-coordinate of the
focus in the z-direction at the first location is taken into
consideration.
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[0041] In this embodiment, the information relating to the
height position of the object at a previous point is used to
resolve the ambiguity of the above-described method. Pro-
vision is made in particular to use the z-coordinate that is
closest to the previous measurement as a true z-coordinate.
The second location can be any desired location on the
object that is distant from the first location. In particular, the
second location can be selected by a user of the microscope.
[0042] Since for this embodiment the second location is
imaged in partially confocal fashion only once, this embodi-
ment is particularly fast, with the result that it is even
possible to display to the observer live images of the
elevation of the object. This is helpful in particular if the user
can manually select the second location. It is also possible
for the manually selected second locations to be linked
together to form a topography image of the object.

[0043] It is preferred for the method furthermore to com-
prise the following steps: partially confocally imaging the
first location with at least two different pinholes and with the
focus at a z measurement position in the z-direction which
is situated within the depth of field range, and determining
a further partially confocal intensity for the partially confo-
cal image with the further pinhole; and calculating the
z-coordinate using the point spread function, the calculated
intensity corresponding to the point spread function, the
further partially confocal intensity and the calculated
expected maximum intensity.

[0044] In this embodiment, which can be used in addition
or as an alternative to the previously mentioned embodi-
ments, two partially confocal images are recorded at the first
location, wherein the partially confocal imaging is per-
formed with differently sized pinholes. An intensity corre-
sponding to the point spread function is preferably calcu-
lated only for one of the partially confocal images, as has
been explained above. The further partially confocal inten-
sity may be used to resolve the above-described ambiguity.
The further partially confocal intensity can be used to
determine the slope side of the image point spread function
on which the intensity corresponding to the point spread
function is situated.

[0045] The advantage of this embodiment is that for
determining the height position of the object at the first
location, the focus of the partially confocal image does not
need to be changed, but only the size of the pinhole.
[0046] It is preferred to use a laser scanning microscope as
microscope, wherein, for partially confocal imaging and
imaging in wide field, the size of the pinhole is changed by
adjusting or exchanging the pinhole.

[0047] The laser scanning microscope used can comprise
a pinhole device in which the size of the pinhole can be
adjusted manually or automatically. This embodiment of the
method in particular uses a laser scanning microscope
having only one detector, which records both the partially
confocal image and the image in wide field. Moreover, it is
possible in this embodiment to determine the ambiguity in
the determination of the height position of the object at the
first location by way of two images using pinholes of
different sizes.

[0048] It is preferred to use a laser scanning microscope as
a microscope, wherein, for partially confocal imaging and
imaging in wide field, two detectors are provided behind
pinholes of different size.

[0049] This embodiment can be implemented as an alter-
native or in addition to the previously described embodi-
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ment. For each of two detectors, which can be part of one
detector device, one pinhole of individual size is provided.
The two pinholes in particular form one pinhole device. The
greater one of the two pinholes is specifically provided for
producing an image in wide field, while the smaller pinhole
can be used to produce the partially confocal image.
[0050] It is a preferred advantage of this embodiment that
the wide field image and the partially confocal image can be
produced at the same time, for example by providing a beam
splitter. Consequently, it is possible in this embodiment for
the wide field intensity to be determined simultaneously
with the partially confocal intensity in each determination of
the elevation at the first location, with the result that the
method in this embodiment of the microscope is particularly
fast.

[0051] It is preferred that a laser scanning microscope be
used as microscope, wherein a wide field camera is used for
imaging in wide field.

[0052] Inthis configuration, the laser scanning microscope
is provided with a wide field camera, onto which a fraction
of the radiation of the imaging beam path is directed, for
example using a beam splitter. Preferably, the image in wide
field and the partially confocal image are laterally and
vertically overlaid. In this configuration it is in particular
possible for the partially confocal image and the image in
wide field to be recorded at the same time.

[0053] It is preferred that a confocal topography micro-
scope is used as the microscope, in which a grating is used
as pinhole, wherein a first camera with the grating is used for
partially confocal imaging and a second camera is used for
imaging in wide field.

[0054] Confocal topography microscopes serve in particu-
lar for determining the topography of an object, wherein the
object is imaged in a large wavelength range. Confocal
topography microscopes are known from the prior art. In
contrast therewith, this embodiment provides a beam splitter
which directs the imaging radiation onto the first camera and
the second camera in the imaging beam path. Using the first
camera and the grating which is provided in front of it
produces a partially confocal image of the object, whereas
the second camera takes a wide field image of the object. It
is once again advantageous here that the partially confocal
image and the image in wide field can be recorded simul-
taneously. The grating can be part of a pinhole device, while
the first camera and second camera can be part of a detector
device.

[0055] It is preferred that a confocal Airy microscope is
used as the microscope, in which the object is imaged onto
a detector device which comprises a plurality of pixels and
resolves a diffraction structure of the partially confocal
image, wherein the wide field intensity and the partially
confocal intensity are determined from one recording.
[0056] Airy microscopes make it possible to image the
first location of the object such that the diffraction structure
of the image can be resolved using the pixels of the detector
device. Since the diffraction profile of the imaging is present
on the detector, it is possible for the partially confocal
intensity and the intensity in wide field imaging to be
captured at the same time on the same detector device. It is
thus possible for the partially confocal image and the image
in wide field to be recorded at the same time.

[0057] It is preferred that a confocal Airy microscope is
used as the microscope, in which the object is imaged onto
a detector device which comprises a plurality of pixels and
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resolves a diffraction structure of the partially confocal
image, wherein a wide field camera is used for imaging in
wide field.

[0058] In this configuration, the Airy microscope is pro-
vided with a wide field camera, onto which a component of
the radiation of the imaging beam path is directed, for
example using a beam splitter. The image in wide field and
the partially confocal image are here preferably laterally and
vertically overlaid. In this configuration it is in particular
possible for the partially confocal image and the image in
wide field to be recorded at the same time.

[0059] The invention furthermore relates to a microscope
for producing a partially confocal image and a wide field
image of an object, wherein the microscope comprises a
detector device for capturing the image of the object, a
pinhole device for providing partially confocal imaging and
a recording in wide field, a focusing device which is
embodied for setting a focus of the partially confocal image,
and a control device for controlling the pinhole device,
which is connected to the detector device. The microscope
images the object in a z-direction, which coincides with the
height direction of the object, with a point spread function.
The control device is embodied to perform the method as has
been explained above.

[0060] The microscope can be a laser scanning micro-
scope, an Airy microscope or a confocal topography micro-
scope. The microscope can comprise a light source which
provides white light or light of a specific wavelength,
depending on what is necessary for imaging the object. The
detector device in particular comprises detectors which can
be used to convert incident radiation into electrical signals,
wherein said electrical signals can be passed on to the
control device.

[0061] The pinhole device preferably comprises a pinhole,
which can be used to image the object in partially confocal
fashion onto the detector device. The pinhole size can be
adjustable, with the result that the pinhole device can also be
used to produce an image in wide field. Alternatively, the
pinhole can be removed from the imaging beam path, with
the result that a wide field image is taken, then. In the
topography microscope, preferably a plurality of pinholes or
gratings are provided, which are arranged on a mask that is
movable laterally in the imaging beam path. Here, the
pinholes have different diameters, or the gratings have
different grating constants.

[0062] The focusing device is adapted to adjust the focus
of the partially confocal image. To this end, the focusing
device can comprise optics which can be used to change the
position of the focal plane at the object. Alternatively, the
focusing device can move the object along the z-direction
and consequently change the position of the focal plane of
the imaging. Ultimately, only a relative displacement
between focal plane and object is important.

[0063] The microscope can further comprise a positioning
device which is adapted to displace the first location with
respect to the detector device laterally. The positioning
device can be embodied as a scanner, which can be used to
move the object with respect to the detector device. Alter-
natively, the beam path can be modulated, for illuminating
the object, such that, as a consequence, the first location can
be changed with respect to the detector device; this is
implemented for example in a laser scanning microscope.
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[0064] It is preferred for the detector device to comprise a
first detector for the partially confocal imaging and a second
detector for imaging in wide field.

[0065] The control device in particular serves for control-
ling the above-mentioned devices and for performing the
previously described method. In particular, the consider-
ations, preferred embodiments and advantageous with
respect to the method analogously apply with respect to the
microscope.

[0066] It goes without saying that the aforementioned
features and those yet to be explained below can be used not
only in the combinations specified but also in other combi-
nations or on their own, without departing from the scope of
the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0067] The invention is explained in more detail below for
example on the basis of the accompanying drawings, which
also disclose features essential to the invention. In the
figures:

[0068] FIG. 1 shows a laser scanning microscope as a first
embodiment of a microscope for performing a method for
ascertaining an elevation of an object;

[0069] FIG. 2 shows a block illustration for illustrating the
method steps;
[0070] FIG. 3 shows a diagram for illustrating the cali-

bration of the method;

[0071] FIG. 4 shows a diagram for illustrating the deter-
mined and measured intensities used for the method;
[0072] FIG. 5 shows an Airy microscope as a second
embodiment of the microscope for performing the method;
and

[0073] FIG. 6 shows a confocal topography microscope as
a third embodiment of a microscope for performing the
method.

DETAILED DESCRIPTION

[0074] A laser scanning microscope 10 serves for the
scanning imaging of an object 12, wherein a method,
described below, for determining height position of the
object 12 can be performed on the laser scanning micro-
scope 10.

[0075] The laser scanning microscope 10 comprises a light
source 14, a detector device 16, a pinhole device 18, a
focusing device 20, a positioning device 22, a control device
24 and a beam splitter 26.

[0076] The light source 14 is e.g. a laser, a light-emitting
diode (LED) or another monochrome light source that emits
light of a wavelength that excites fluorescent dyes in the
object 12 to emit fluorescent light. Radiation of an illumi-
nation beam path 28, produced by the light source 14, is
directed onto the beam splitter 26, which is provided in the
form of a dichroic mirror. The beam splitter 26 reflects the
light of the illumination beam path 28 onto the positioning
device 22.

[0077] The positioning device 22 comprises a scannet, i.e.
two movably mounted mirrors, which are not illustrated in
FIG. 1. Using the scanner, the positioning device 22 can
direct the illumination beam path 28 onto different locations
of the object 12. The deflection of the illumination radiation
is controlled by the control device 24, which is connected to
the positioning device 22. In particular, the positioning
device 22 guides the illumination beam path 28 in scanning
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fashion over the object 12. Alternatively, a sample stage
carrying the object 12 is shifted.

[0078] The illumination beam path 28 travels from the
positioning device 22 to the focusing device 20, which is
provided in the form of an objective. The focusing device 20
is used to shift the focus of the illumination beam path 28 on
the object 12 in a z-direction. The z-direction coincides with
the height direction of the object 12 and is perpendicular to
a lateral extension of the object 12, which is defined by an
x- and y-direction. The focusing device 20 comprises a
plurality of lenses, which are movable with respect to one
another and are actuated e.g. using an electric motor. The
focusing device 20 is likewise connected to the control
device 24, with the result that the control device 24 can
change the focus of the laser scanning microscope 10. The
focus coincides with a z measurement position of the laser
scanning microscope 10. The illumination beam path 28
travels from the focusing device 20 to the object 12, which
is attached to a sample holder 30.

[0079] The focusing device 20 can be used to shift the
focus in the z-direction. Using the positioning device 22, the
focus of the illumination beam path 28 can be laterally
shifted in an x-direction and a y-direction, which are both
perpendicular to the z-direction.

[0080] Provided in the object 12 are fluorescent dyes,
which are excited by the illumination radiation and emit
light into an imaging beam path 32. If the object 12 contains
no fluorescent dyes, the illumination beam path is partially
reflected by the object 12 into the imaging beam path 32. Up
to the beam splitter 26, the imaging beam path 32 travels in
the opposite direction of the illumination beam path 28. Due
to the fact that the fluorescent light has a different wave-
length than the illumination radiation, the radiation in the
imaging beam path 32 can pass through the dichroic beam
splitter 26 and pass to the pinhole device 18, which has a
pinhole of adjustable size. Alternatively, a partially reflective
beam splitter can be provided instead of the dichroic beam
splitter 26, especially if the illumination radiation is
reflected by the object 12. In particular, the pinhole device
has an electric motor that continuously or incrementally
changes the size of the pinhole. The pinhole device 18 is
connected to the control device 24, with the result that the
control device 24 sets the size of the pinhole.

[0081] The pinhole is situated in an intermediate image
plane of the imaging beam path 32. Arranged downstream
thereof is the detector device 16, which comprises a detector
for converting the radiation of the imaging beam path 32 to
electrical signals. The electrical signals are passed on to the
control device 24, which can determine therefrom the inten-
sity of the radiation in the imaging beam path 32.

[0082] The laser scanning microscope 10 produces a par-
tially confocal image by setting the pinhole of the pinhole
device 18 to be small, for example 50-300% greater than a
pinhole that images the object 12 in diffraction-limited
fashion. To produce a wide field image, the pinhole of the
pinhole device 18 is further enlarged as compared to the
partially confocal imaging, with the result that the image
predominantly comprises wide field components.

[0083] The method for operating the laser scanning micro-
scope 10 is explained using the block diagram in FIG. 2. The
method is used to determine a height position of the object
12 at a first location of the object 12. The first location can
be any location of the object 12. The method is in particular
repeated at a plurality of first locations, such that a plurality
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of elevations of the object 12 can be determined, from which
the topography of the object 12 can be derived.

[0084] The method comprises three fundamental steps:
Step S1 serves for calibrating a scaling factor Sk, step S2
serves for calibrating a linking factor Vk, and step S3 serves
for calculating the height position of the first location.
[0085] First, the calibration of the scaling factor Sk in step
S1 will be explained. The calibration of the scaling factor Sk
can be performed on the object 12 or on a calibration object
that has in particular similar properties with respect to
reflection and scattering of light as the object 12. In the
following exemplary embodiment, the calibration of the
scaling factor Sk at a calibration location, which is a site on
the object 12, will be discussed. The calibration location is
an example of the first calibration location.

[0086] In step S1.1, a z-stack of a plurality of partially
confocal images is recorded at the calibration location. The
images cover the depth of field range of the partially
confocal image, wherein the pinhole device 18 sets a first
pinhole size. The intensity is determined for each partially
confocal image, such that an intensity distribution I (z) is
obtained in dependence on the measurement position z of
the focus in step S1.2. This is illustrated by way of example
in FIG. 3. On the basis of the intensity profile I, (z), the
maximum calibration intensity [ can be determined at
the position of the focus z, ..

[0087] Instep S1.3, a calibration wide field intensity I,
is determined by setting the pinhole device 18 to a second
size for the pinhole, which is greater than the first size. The
second size of the pinhole is such that the intensity of the
wide field image dominates in the image. The second size is
5 to 10 times greater than the first size, for example. In step
S1.4, the scaling factor Sk satisfying the following equation
is calculated:

k,max

L max 1
L (1)

Lewt

[0088] In the substep S2.1 of step S2, a point spread
function PSF(z) in the z-direction of the laser scanning
microscope 10 is determined. This step is not necessary if
the point spread function PSF(z) for the laser scanning
microscope 10 is already known. In step S2.2, partially
confocal imaging of the second calibration location is per-
formed on a second calibration object, which can coincide
with the first calibration object, or at a second calibration
location on the object 12, optionally coinciding with the first
calibration location. The size of the pinhole is set to the first
size. The focus of the partially confocal image is situated at
a calibration measurement position z,, which is located in
the depth of field range of the partially confocal image. Next,
a partially confocal calibration intensity I, of the partially
confocal image of the second calibration location is deter-
mined at the calibration measurement position z,,.

[0089] In step S2.3, confocal imaging of the second cali-
bration location is performed. The focus of the confocal
image is likewise situated at the calibration measurement
position 7, . Next, a confocal calibration intensity I, * of the
confocal image of the second calibration location is deter-
mined at the calibration measurement position 7. For
confocal imaging, the size of the pinhole of the pinhole
device 18 is set such that it is at imaging diffraction limit.
The confocal calibration intensity I, * coincides with the
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intensity of the point spread function PSF(z) at the calibra-
tion measurement position 7.

[0090] Instep S2.4, a calibration wide field intensity Iy~
is also determined. This is done analogously to the deter-
mination of the calibration wide field intensity I, in step
S1.3.

[0091] The linking factor Vk is determined in step S2.5
from the partially confocal calibration intensity I, the
confocal calibration intensity I, * and the calibration wide
field intensity 1~ in accordance with the following equa-
tion:

Ly =l Vil @

[0092] The following text explains how the topography in
the calibrated laser scanning microscope 10 is determined in
step S3. To this end, in step S3.1, the laser scanning
microscope 10 partially confocally images the first location,
wherein the focus is situated at a z measurement position z,;
located in the depth of field range. The pinhole is here set to
the first size. Next, the partially confocal intensity I, is
determined. From the partially confocal intensity I, the
partially confocal intensity I,* that corresponds to the point
spread function PSF is calculated in step S3.2 using the
linking factor Vk and the above-described equation (2). The
intensity 1, * that corresponds to the point spread function
PSF corresponds to the intensity of the point spread function
PSF at the z measurement position z,.

[0093] At the z measurement position z,, further partially
confocal imaging is performed in step S3.3, in which the
pinhole is changed with respect to the first performed
partially confocal imaging. To this end, the pinhole can be
embodied to be adjustable in terms of size or pinholes are
exchanged. From said further partially confocal imaging
using a different pinhole, a further partially confocal inten-
sity 1, ,,,, can be calculated.

[0094] By enlarging the pinhole of the pinhole device 18,
a wide field image of the first location is produced in step
S3.4, as described above, and the wide field intensity Iw is
determined therefrom. Using equation (1) and the scaling
factor Sk, the maximum intensity 1,,,.* of the point spread
function PSF is calculated.

[0095] From the linking factor Vk, the expected maximum
intensity 1, * and the intensity I, * which corresponds to the
point spread function PSF, a z-coordinate z, of the focus,
which coincides with the z-coordinate of the maximum
intensity I, .* of the point spread function PSF, is deter-
mined in step S3.5 using equation (2). Since only two values
are used for the determination, the determination is not
always unique, as is indicated in FIG. 4 by the two regions
in the z-direction Az, and Az,'. Using the further partially
confocal intensity I, ,,, it is now possible to determine the
profile of the point spread function PSF, so that it is possible
to establish which of the distances Az, and Az,' is the correct
one, so that the z-position 7, can be determined unambigu-
ously. The z-coordinate z, of the focus corresponds to the
height position of the object 12 at the first location. Steps
S3.1 to S3.5 are repeated at each of the locations to be
measured, whereas steps S1 to S2 are performed only once.

[0096] A second embodiment of a microscope for per-
forming the method is schematically illustrated in FIG. 5.
Here, an Airy microscope 100 is used, the schematic setup
of which coincides with the laser scanning microscope 10,
except for the following differences that are shown:

max
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[0097] A positioning device 122 of the Airy microscope
100 does not operate by way of deflecting the radiation of
the illumination beam path 28, but by moving the object 12
with respect to the illumination beam path 28 using a
scanner, which forms the positioning device 122. The scan-
ner moves the sample holder 30. However, it is also possible
to use a positioning device 122 as described in the laser
scanning microscope 10. The positioning device 122 is again
connected to the control device 24 here, such that the control
device 24 can set the positioning of the object 12 with
respect to the illumination beam path 28.

[0098] A detector device 116 comprises a plurality of
pixels to resolve the diffraction structure of the partially
confocal image.

[0099] The mode of operation of the Airy microscope 100
does not differ from the mode of operation of the laser
scanning microscope 10 with respect to the principle of
determining the height position at the first location of the
object 12. Only the manner of producing the partially
confocal image and the wide field image differs.

[0100] Since the diffraction structure can be resolved
using the detector device 116, the intensities of a single
partially confocal image that are measured by the pixels
comprise the partially confocal intensity I, and the wide field
intensity 1. It is thus possible with a single partially
confocal image to determine both intensities I; and I, that
are required for the calculation of the elevation of the first
location.

[0101] The above-described method for determining the
partially confocal intensity I, (step S3.1) and the partially
confocal intensity I,* (step S3.2) which corresponds to the
point spread function PSF is repeated at a second measure-
ment position z,, from which the partially confocal intensity
1, and a partially confocal intensity 1,* which corresponds to
the point spread function PSF are obtained. Further partially
confocal imaging with a changed size of the pinhole (step
S3.3) is not performed in the Airy microscope 100, but step
S3.5 is modified as follows.

[0102] There are now three points of the point spread
function PSF, specifically the intensities I,* and I,* corre-
sponding to the point spread function PSF and the maximum
value of the point spread function PSF, the intensity I, *.
The PSF, whose form is known, can be fitted on the basis of
these values so that the Z coordinate z, of the maximum
intensity [, . * can be ascertained. Said z-coordinate z,
corresponds to the elevation of the object 12 at the first
location, such that the first location can be ascertained from
the two partially confocal images at the measurement posi-
tions 7, and z,.

[0103] A further embodiment of the microscope will be
explained with reference to FIG. 6. FIG. 6 schematically
illustrates a confocal topography microscope 200, which
differs from the laser scanning microscope 10 and the Airy
microscope 100 merely in the following differences:
[0104] The confocal typography microscope 200 has,
analogously to the Airy microscope 100, a positioning
device 222 which likewise comprises as a scanner for
moving the sample holder 30. The embodiment of the
positioning device is not relevant here either. A light source
214 can be embodied as a laser, a light-emitting diode (LED)
or any other monochrome light source, but the use of a white
light source, which produces light in the entire visible range,
so that the object 12 is illuminated with illumination radia-
tion in the visible wavelength range, is also possible.
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[0105] A detector device 216 has a first camera 216a, a
second camera 2165 and a second beam splitter 216¢. The
second beam splitter 216¢ is embodied as a partially reflec-
tive mirror, which directs 50% of the radiation in the
imaging beam path 32 onto the first camera 216a and 50%
of'the radiation in the imaging beam path 32 onto the second
camera 2165. A pinhole device 218 is in the form of a mask
having a plurality of gratings having different grating spac-
ings, which is movable laterally through the imaging beam
path 32.

[0106] The confocal topography microscope 200 can be
used, owing to the second beam splitter 216¢, to simulta-
neously produce an image in wide field using the second
camera 2165, in front of which no pinhole is arranged, and
a partially confocal image using the first camera 216a. The
mode of operation to this extent coincides with the mode of
operation of the Airy microscope 100, since here a partially
confocal image and an image in wide field are also produced
at the same time.

1. A method for determining a height position of an object
at a lateral first location of the object by using a microscope,
which images the object with a point spread function along
a z-direction that coincides with the height direction, the
method comprising the following steps:

imaging the object with the microscope in wide field and

determining a wide field intensity,

calculating a maximum intensity expected at the first

location by multiplying the wide field intensity with a
predetermined scaling factor,

partially confocally imaging the object at the first location

with the focus located at a measurement position in the
z-direction, wherein a pinhole device having an open-
ing which is greater than a diffraction limit is used for
the partially confocal imaging, and wherein the par-
tially confocal imaging defines a depth of field range
and the focus is within the depth of field range, and
determining a partially confocal intensity of the par-
tially confocal image at the first location,

calculating an intensity corresponding to the point spread

function at the first location by way of subtraction
between the partially confocal intensity and the product
of the wide field intensity and a predetermined linking
factor,

computing a z-coordinate of the focus at which the point

spread function is maximum using a predetermined
form of the point spread function, the calculated inten-
sity corresponding to the point spread function and the
calculated expected maximum intensity, and

using the z-coordinate as the height position of the object

at the first location.

2. The method as claimed in claim 1, wherein the scaling
factor is determined by performing the following steps:

producing a z-stack by repeatedly shifting the focus

position in the z-direction and partially confocally
imaging a lateral first calibration location of a first
calibration object or of the object

at each focus position, and determining the partially

confocal intensity for each of the partially confocal
images thus obtained,

calculating a z-direction intensity profile at the first cali-

bration location, and determining a maximum calibra-
tion intensity of the intensity profile at the first cali-
bration location,
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imaging the first calibration location with the microscope
in wide field, and determining a first calibration wide
field intensity at the first calibration location, and

calculating the scaling factor as a ratio between the
maximum calibration intensity and the first calibration
wide field intensity.
3. The method as claimed in claim 1, wherein the linking
factor is determined by performing the following steps:
partially confocal imaging a lateral second calibration
location of a second calibration object or of the object
with the focus located at a calibration measurement
position in the z-direction which position is within the
depth of field range, and determining a calibration
intensity of the partially confocal image at the second
calibration location,
confocally imaging the second calibration location with
the focus located at the calibration measurement posi-
tion, and determining a confocal calibration intensity of
the confocal image at the second calibration location,

imaging the second calibration location with the micro-
scope in wide field, and determining a second calibra-
tion wide field intensity at the second calibration loca-
tion, and

calculating the linking factor as a ratio between the

difference between the partially confocal calibration
intensity and the confocal calibration intensity to the
second second calibration wide field intensity.
4. The method as claimed in claim 1, wherein the first
location is imaged with the microscope in wide field and in
that the wide field intensity is determined at the first loca-
tion.
5. The method as claimed in claim 1, wherein the fol-
lowing steps:
partially confocally imaging the first location with the
focus located at least at two measurement positions
which are spaced apart in the z-direction and are
situated both in the depth of field range, and determin-
ing partially confocal intensities for each partially
confocal image at the first location,
calculating the intensities corresponding to the point
spread function at the first location as a difference
between the partially confocal intensity and a product
of'wide field intensity and predetermined linking factor,

computing the z-coordinate using the form of the point
spread function, the calculated intensities correspond-
ing to the point spread function and the calculated
expected maximum intensity.

6. The method as claimed in claim 1, wherein for pro-
ducing a live determination of a height position in the object
at a laterally second location of the object, which differs
from the first one, the second location is imaged in partially
confocal fashion and in that, for calculating a z-coordinate
at the second location, the z-coordinate of the focus at the
first location is taken into consideration.

7. The method as claimed in claim 1, further comprising
the following steps:
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partially confocally imaging the first location with at least
two different pinholes and with the focus at a measure-
ment position in the z-direction which is situated within
the depth of field range, and determining a further
partially confocal intensity for the partially confocal
image with the further pinhole,

calculating the z-coordinate using the form of the point

spread function, the calculated intensity corresponding
to the point spread function, the further partially con-
focal intensity and the calculated expected maximum
intensity.

8. The method as claimed in claim 1, wherein a laser
scanning microscope is used as the microscope, and wherein
the size of the pinhole is changed for partially confocal
imaging and for imaging in wide field.

9. The method as claimed in claim 1, wherein a laser
scanning microscope is used as the microscope, wherein, for
partially confocal imaging and for imaging in wide field, two
detectors are provided behind pinholes of different size or
wherein a wide field camera is used for imaging in wide
field.

10. The method as claimed in claim 1, wherein a confocal
topography microscope is used as the microscope, in which
a grating is used as a pinhole, wherein a first camera with the
grating is used for partially confocal imaging and a second
camera is used for imaging in wide field.

11. The method as claimed in claim 1, wherein a confocal
Airy microscope is used as the microscope, in which the
object is imaged onto a detector device which comprises a
plurality of pixels and resolves a diffraction structure of the
partially confocal image, wherein the wide field intensity
and the partially confocal intensity are determined from one
recording or wherein a wide field camera is used for imaging
in wide field.

12. A microscope for producing a partially confocal image
of an object and an image of the object in wide field,
comprising:

a detector device,

a pinhole device for partially confocal imaging and

recording in wide field,

a focusing device, which is embodied for setting a z-po-

sition of a focus of the partially confocal image, and

a control device for controlling the pinhole device, which

is connected to the detector device,

wherein the microscope images the object in a z-direction,

which coincides with the height direction of the object,
with a point spread function,

wherein the control device is configured to carry out the

method as claimed in claim 1.

13. The microscope as claimed in claim 12, wherein a size
of a pinhole of the pinhole device is adjustable.

14. The microscope as claimed in claim 12, wherein the
detector device comprises a first detector for partially con-
focal imaging and a second detector for imaging in wide
field.



