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1
METHOD FOR WAVELENGTH
CALIBRATION OF AN OPTICAL
MEASUREMENT SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority of the German patent
application 10 2005002 267.7, filed on Jan. 18,2005 which is
incorporated by reference herein.

FIELD OF THE INVENTION

The invention relates to a method for wavelength calibra-
tion of an optical measurement system having a spectropho-
tometer and an ellipsometer.

BACKGROUND OF THE INVENTION

In semiconductor fabrication, a plurality of layers are
applied to or removed from wafers during the fabrication
process. The layers can also be provided in special test
regions within a plurality of identical recurring pattern ele-
ments. With increasing integration density, requirements in
terms of the quality of the layers applied onto the wafers also
rise. This means that during the production of a wafer with its
plurality of process steps and plurality of layers to be applied
(e.g. SiO,, SiNO,, polysilicon, etc., or the like), reliable
detection of layer thicknesses must be possible. The existing
art discloses a plurality of optical measurement arrange-
ments, operating on the principle of spectrophotometry, for
measuring layer thicknesses and associated material param-
eters. For this, a broadband light beam is focused almost
perpendicularly onto the specimen, and the reflected light
component is measured. In the spectrograph, that light com-
ponent is in turn imaged via a grating in wavelength-selective
fashion onto a CCD chip. Using a model that contains the
optical parameters of the specimen as a function of wave-
length, the parameters can be determined by way of a fit to the
theoretical spectrum.

These measurement arrangements can be used in particular
when thin layers and their optical parameters, for example the
refractive index or extinction factor of single- or multilayer
systems, need to be measured on wafers. In wafer manufac-
ture specifically, the effort toward ever-thinner layers also
means more stringent requirements in terms of the accuracy
of the optical measurement arrangement with which the lay-
ers can be checked for exactness.

Also known from the existing art for performing such
measurements are spectroellipsometers. With these, both the
layer thickness and the optical parameters of transparent lay-
ers can be determined very accurately. This is done by direct-
ing a linearly polarized broadband light beam onto the speci-
men at an angle. The reflected beam is examined using an
analyzer and a spectrograph to identify changes in polariza-
tion. The analyzer rotates, allowing only the particular light
component that is vibrating in the corresponding polarization
plane to strike the spectrograph. That light component is split
in wavelength-selective fashion in a spectrograph using a
grating, and imaged onto a CCD chip. The spectrum that is
obtained then, by way of a model, allows filtration of the
optical parameters and the layer thickness.

In order to obtain accurate measurement results, the above-
described optical systems usually must first be calibrated.
One possibility for calibrating a spectrophotometer is pro-
posed in U.S. Pat. No. 5,771,094, in which a light source
having a plurality of spectral lines is used. These spectral lines
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are imaged onto a CCD, and the lines are each allocated to
specific pixels of the CCD. This results in an allocation of the
pixel position on the CCD to the known wavelengths of the
spectral lines, so that the relationship or calibration function
between each pixel on the CCD and the associated wave-
length value is determined. The calibration can be further
verified by subsequent measurement of a known specimen.

In order to enhance measurement accuracy and, if appli-
cable, to obtain additional information about the specimen, it
is known from the existing art to use optical combination
devices with which it is possible to carry out two or more
examination methods. In this context, in particular, an ellip-
someter and a spectrophotometer are advantageously imple-
mented in one device. An optical measurement system for this
purpose is known from U.S. Pat. No. 6,567,213, This combi-
nation measurement system allows results from the various
measurement systems that are present to be combined, thus
yielding more accurate results. A prerequisite for good
results, however, is that an exact calibration of the measure-
ment systems be performed before the specimens are mea-
sured. This is usually done by measuring a known substrate
using all the available optical measurement methods, and
calibrating each measurement method using the known speci-
men data.

Because an independent calibration of the two measure-
ment devices leads to differences in measured values, exclu-
sive use of theknown calibration methods for such cases leads
to unsatisfactory results.

SUMMARY OF THE INVENTION

It is therefore the object of the present invention to propose
a method for calibrating an optical measurement system that
comprises an ellipsometer and a spectrophotometer, with
which the agreement between the data or measured values
ascertained with the ellipsometer and with the spectropho-
tometer can be improved.

According to the present invention, this object is achieved
by a method for calibrating an optical measurement system
comprising the steps:

calibrating the spectrophotometer and the ellipsometer

being independently of one another in an initial calibra-
tion,

ascertaining upon calibration of the spectrophotometer, an

allocation of the wavelength (A) incident onto a CCD
chip to the position of the pixels of the CCD chip,
determining a layer thickness (d, ;) of the specimen using
the ellipsometer, as a reference measured value;
determining a spectrophotometer layer thickness (d“isp oro)
in the visual spectral region and a spectrophotometer
layer thickness (d7,,,,,,) in the UV region, at an initial

angle of incidence (0,,,,);
modifying coeflicients of a wavelength-dependent func-

tion until the absolute value of the difference between a

re-measured visual spectrophotometer layer thickness

(d” 010) and a re-measured UV spectrophotometer

layer thickness (d“”,,,,) is less than a predefined abso-

lute value; and
varying the initial angle of incidence (6,,,,) until the abso-
lute value of the difference between the visual spectro-
photometer layer thickness (d* ,,_, ) and the ellipsom-
eter layer thickness (d,;;), and the absolute value of the
difference between the UV spectrophotometer layer
thickness (dUVp 7oto) a0d the ellipsometer layer thickness
(d,z), are less than a predefined absolute value.

In the context of the method according to the present inven-

tion, it is assumed that the spectrophotometer and the ellip-
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someter are calibrated independently of one another using
suitable methods. Then, firstly the layer thickness ofa layer is
determined using the spectrophotometer of the optical sys-
tem. Then the thickness of the layer is determined using the
ellipsometer, which after being calibrated yields very accu-
rate values for the layer thickness. According to the present
invention, the values that are obtained with the spectropho-
tometer and the ellipsometer are then matched to one another
in such a way that the difference between the layer thick-
nesses measured with the two devices drops below a value
acceptable for measurement. For that purpose, the angle of
incidence of the spectrophotometer is varied until an angle is
found at which the spectrophotometer yields measurement
results with which this condition is met. That angle of inci-
dence of the spectrophotometer is maintained for further
measurements, and the optical system is calibrated with
respect to its components.

In a preferred embodiment of the invention, any optical
aberrations of the spectrophotometer that may be present are
eliminated by the fact that the measurement results in the
visible spectral region (VIS) and in the ultraviolet spectral
region (UV) are matched to one another in such a way that the
difference between the results drop below a predefined value.
Ideally, it is possible thereby to make the values coincident.
To achieve this, the wavelength calibration of a spectropho-
tometer is performed using a light source that covers the
spectral region from approximately 190 nm to 800 nm. A gas
discharge lamp, for example, is suitable for this. The resulting
allocation of the respective wavelengths A to the associated
position of the pixels on the CCD chip can be represented as
a quadratically fitted function F(Pixpos) of the pixel position.
The function F(Pixpos) can then be adapted, by varying the
quadratic coefficients, in such a way that sufficient agreement
between the measurement results in UV and in VIS can be
attained. This is preferably achieved when the deviation of the
layer thicknesses d*”, ., and d**,,,,, within a layer thickness
interval of the layer thickness that is to be measured is less
than a predefined tolerance value.

The advantage of the method according to the present
invention is that production-related differences in the angles
of incidence of the spectrophotometers, and optical aberra-
tions in the spectrograph, can now be compensated for. A
sufficiently accurate matching of the individual optical
devices in a combination device can thereby be achieved,
those devices then being matched to one another for measure-
ment purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages and advantageous embodiments of the
invention are the subject matter of the Figures that follow and
the descriptions thereof, exact-scale reproduction having
been dispensed with in the depictions for the sake of clarity. In
the individual Figures:

FIG. 1 schematically shows an optical spectrum with allo-
cation to the CCD pixels;

FIG. 2 schematically shows a portion of FIG. 1 in the
region between two exemplifying peaks;

FIG. 3 schematically shows the process sequence for cali-
brating the optical system.

DETAILED DESCRIPTION OF THE INVENTION

In an embodiment of the invention, firstly the ellipsometer
is calibrated in a wavelength region from 320 nm to 800 nm,
as is known per se from the existing art. A gas discharge lamp
is used as the illumination source for this. The result of the
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calibration can then be verified on a set of calibration speci-
mens for 25-nm, 285-nm, and 1030-nm SiO, layers on sili-
con. The ellipsometer is thereby very accurately calibrated to
a layer thickness measurement.

The spectrophotometer is also calibrated, although this
wavelength calibration is carried out at wavelengths in the
region between 190 nm and 800 nm. A gas discharge lamyp is
preferably also used for this purpose. The spectrum of the
calibration lamp is imaged onto the CCD chip, which can be
embodied as a linear or matrix CCD and in each case has
pixels. One possible spectrum 10 of an argon calibration lamp
is schematically depicted in FIG. 1. This spectrum 10 exhibits
peaks 12 whose location, i.e. wavelength, is known on the
basis of the lamp that is used. By way of an allocation of these
known peaks 12 to the pixels that are plotted on pixel axis 14,
calibration can be performed over the entire wavelength
region and pixel region.

As depicted in FIG. 2 in an enlarged portion, for this
purpose the location of the peaks is ascertained with an accu-
racy that is better than the spacing of the pixels, i.e. with
subpixel accuracy. Inthe case of first peak 16 and second peak
18 shown by way of example, the pixel position of first peak
16 is identified as 398.394 and that of second peak 18 as
451.787. A so-called peak finder program is used to allow this
accuracy to be achieved. FIG. 3 schematically depicts the
execution of the method according to the present invention.
Following initial calibration 20 as described, the position of
peak 12 on CCD yields value pairs (wavelength A and pixel).
These value pairs can be represented on the CCD as a function
of wavelength in the following form:

Mpixel)=ay (pixel P+by (pixel)+cq.

In step 22, coefficients a,, by, ¢, can be fitted, and the
resulting measured values can be determined. Coefficients a,,
b, ¢, can be obtained, for example using a method of mini-
mum mean error squares. As an example, the table below
presents value pairs for twelve wavelength peaks and their
corresponding actual positions, as well as their theoretically
ascertained reference positions on the CCD chip:

Item Reference position Actual position
no. Wavelength (nm) (pixels) (pixels)
1 184.91 18.9 11.148
2 253.65 128.2 123.943
3 296.73 196.7 194.327
4 313.16 222.8 220.717
5 435.84 417.9 418.92
6 507.30 531.5 533.221
7 546.08 593.2 594.606
8 593.46 668.5 669.619
9 626.32 720.7 721.068
10 6.965 832.4 832.457
11 763.51 938.9 937.819
12 811.53 1015.2 1021.511

The values a,=1.7045-107>, b,=0.60859, and c,=178.02129
were taken as the basis for the coefficients.

Proceeding from the theoretically ascertained correlation
between wavelength A, the location of pixels 12, and coeffi-
cients a,, by, ¢,, the accuracy of the spectrophotometer can be
further improved by minimizing the difference resulting from
measurement of a layer thickness in a sample in UV and in
VIS, until that difference drops below a predefined value.
This so-called difference calibration 26 of the spectropho-
tometer is achieved by varying the coefficients a,, by, ¢, A
Si0, layer having a thickness of approximately 1000 nm is



US 7,411,665 B2

5

particularly suitable for this purpose. When this layer thick-
ness is then measured with the spectrophotometer in UV and
in VIS, thickness values d, ;- oandd,;s ,withcoefficients a,,
by, ¢, are obtained. From these values, the difference
dsp o=dpss o=dyys o can be ascertained. To match the spec-
trophotometer, step 24 checks whether this difference is less
than a predefined value, in particular less than 20% of the
specification value for the above-described specimen. For the
specimen selected, the difference must therefore be less than
5 nm. If this is not the case, in step 22 new values are calcu-
lated for coefficients a,=a,+A, b, =b,+A, and ¢, =c,+A, A hav-
ing been selected appropriately on the basis of empirical
experience. Using the new coefficients, the fit of the measured
values obtained can then be recalculated for the function

Mpixel)=a,-(pixel2+b,(pixel)+c;,

and once again the difference in layer thicknesses dg, =
dyye =dyys  can be determined. This method is then itera-
tively repeated until coefficients a,, b,, c, are obtained for
which the difference in layer thickness dg, ,, is less than the
requisite value, in particular less than a threshold value that
changes as a function of one layer thickness interval. This
method then ensures that substantially identical values are
obtained with the spectrophotometer in both wavelength
regions (UV and VIS).

In the so-called device difference calibration step 32, a
thickness value ascertained using the spectrophotometer is
then equalized with the thickness value ascertained using the
ellipsometer. The formula for determining the layer thickness
d on the spectrophotometer incorporates the angle of inci-
dence 8. Without going into more detail as to the meaning of
all the variables, this correlation can be stated as

go o T trhexp=2p) st ries(=2p)
L0y + - exp(=j2B) L+ r, + 135 -exp(-j2B)

ay -~
where 8 = Zn(X]Nzcos(‘Dz.

In step 30, therefore, an initial angle 0, ,,, is first used for the
layer thickness measurement with the spectrophotometer,
and the measurement of the layer thickness d of a specimen is
performed with the spectrophotometer at that angle and with
the ellipsometer. A photometer layer thickness d, ., and an
ellipsometer layer thickness d_;; are ascertained. In step 28,
the device difference is calculated by comparing the two
variables d,,,, and d,;; to one another. If the difference D
(device difference) between the layer thicknesses D=d .~
d,;; is less than a predefined value, the calibration is then
complete. If the value is greater, a new value for 0,=0,,,+9 is
defined, with which value the procedure is repeated. Device
comparison 28 is then continued iteratively until device dif-
ference D is sufficiently small that substantially identical
values are obtained with the spectrophotometer and with the
ellipsometer.

When calibration of the combination device is complete,
the latter can be used for measurement, and both the spectro-

5

25

30

35

40

45

50

55

6

photometer and the ellipsometer will yield substantially iden-
tical values for the layer thickness.

What is claimed is:

1. A method for wavelength calibration of an optical mea-
surement system having a spectrophotometer and a ellipsom-
eter, comprising the steps of:

calibrating the spectrophotometer and the ellipsometer

being independently of one another in an initial calibra-
tion,

ascertaining upon calibration of the spectrophotometer, an

allocation of the wavelength () incident onto a CCD

chip to the position of the pixels of the CCD chip,
determining a layerthickness (d,;;,) of a specimen using the

ellipsometer, as a reference measured value;

determining a spectrophotometer layer thickness (d“isp 010

in the visual spectral region and a spectrophotometer
layer thickness (dUVp 7oto) 101 the UV region, at an initial

angle of incidence (9,,,,);
modifying coefficients of a wavelength-dependent func-

tion until the absolute value of the difference between a

re-measured visual spectrophotometer layer thickness

(d”sp 7oro) and a re-measured UV spectrophotometer

layer thickness (dUVphom) is less than a predefined abso-

lute value; and
varying the initial angle of incidence (8,,,,) until the abso-
lute value of the difference between the visual spectro-
photometer layer thickness (d”isphoto) and the ellipsom-
eter layer thickness (d,;;,), and the absolute value of the
difference between the UV spectrophotometer layer
thickness (d7%,,,,,,) and the ellipsometer layer thickness
(d,;;), are less than a predefined absolute value.

2. The method according to claim 1, wherein upon calibra-
tion of the spectrophotometer, the allocation of the position of
the pixels of the CCD chip as a function of the wavelength (A)
is accomplished by way of a function A(pixel)=a, (pixel)*+
b, (pixel)+cy, and the coefficients a,, b, ¢, are accomplished
by fitting to the measured values, in particular using a method
of minimum mean error squares.

3. The method according to claim 2, wherein the coeffi-
cients a,, b, ¢, are varied until the layer thicknesses
(Y horo) and (d,,.,,,) within a layer thickness interval are
less than a predefined tolerance value.

4. The method according to claim 3, wherein the predefined
tolerance value for layer thicknesses less than 10 nm is equal
to approximately 0.5 nm.

5. The method according to claim 3, wherein the predefined
tolerance value for layer thicknesses greater than 10 nm and
less than 100 nm is equal to approximately 0.6 nm.

6. The method according to claim 3, wherein the predefined
tolerance value for layer thicknesses greater than 100 nm and
less than 500 nm is equal to approximately 2 nm.

7. The method according to claim 3, wherein the predefined
tolerance value for layer thicknesses greater than 500 nm is
equal to approximately 5 nm.

8. The method according to claim 3, wherein variation of
the coefficients ag, by, ¢, is accomplished using a function of
the form a,=a,+A, b;=by+A, and c,=c,+A, A being ascer-
tained empirically.



