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1 | INTRODUCTION

Small-area/spot photoelectron spectroscopy (SAXPS) is a powerful tool for the inves-
tigation of small surface features like microstructures of electronic devices, sensors
or other functional surfaces, and so forth. For evaluating the quality of such micro-
structures, it is often crucial to know whether a small signal in a spectrum is an
unwanted contamination of the field of view (FoV), defined by the instrument set-
tings, or it originated from outside. To address this issue, the dgg/20 parameter of a
line scan across a chemical edge is often used. However, the typical dgg/20 parameter
does not give information on contributions from the long tails of the X-ray beam
intensity distribution or the electron-optical system as defined by apertures. In the
VAMAS TWA2 A22 project “Applying planar, patterned, multi-metallic samples to
assess the impact of analysis area in surface-chemical analysis,” new test specimen
was developed and tested. The here presented testing material consists of a silicon
wafer substrate with an Au-film and embedded Cr circular and square spots with
decreasing dimensions from 200 pm down to 5 pm. The spot sizes are traceable to
the length unit due to size measurements with a metrological SEM. For the evalua-
tion of the FoV, we determined the Au4f intensities measured with the center of the
FoV aligned with the center of the spot and normalized to the Au4f intensity deter-
mined on the Au-film. With this test specimen, it was possible to characterize, as an
example, the FoV of a Kratos AXIS Ultra DLD XPS instrument.
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arrays, corrosion, tribology, catalysis to sensor-on-chip and sensor-on-

lab systems.2 Additionally, for combinatorial approaches, iXPS can be

Imaging XPS (iXPS) has been available on XPS instruments since
1990s' with a spatial resolution in the lower micrometer range.
Recent industrial applications and actual research issues are dealing
with small micrometer-sized surface features, which determine the
functionality of devices thereon. The diversity of applications ranges

from solar cells, microelectronics and optoelectronics, biological

used.® IXPS is combined often with SAXPS. A chemical image or map
of the surface is generated. In those images or maps, regions can be
defined and measured to obtain qualitative and quantitative chemical
information, for example, chemical composition. Different methods
for SAXPS are described: (i) limited X-ray irradiated area based, selec-

tion of the area by electron (ii) before or (iii) after the entrance of the
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FIGURE 1 A Top: the tails of the X-ray beam shapes lead to contribution from outside the field of view (FoV); bottom: section across the Cr
circular spot of 5pum diameter. B, Target design of test structure. Layout and dimensions of the test structures on the test specimen

ejected electrons in the electron analyzer or (iv) image dissection in
the analyzer.* Regardless of the method, it is often unclear if a specific
peak in the spectrum arises from a contamination of a surface feature
from an area outside the region of interest.>® For describing the lat-
eral resolution typically, the dgo/20 parameter is used.”® It is deter-
mined by the imaging of a sharp straight edge. From a line profile
perpendicular to the edge, the distance between Dgg (80 % of the
intensity) and D,q (20 % of the intensity) can be taken as a measure of
sharpness. It must be noted that this quantity does not consider long
tails of the X-ray beam intensity distribution or of the electron-optical
system, which can lead to contributions outside the FoV that is shown
in Figure 1A. To be sure, small surface features can be analyzed with
clear smaller beam apertures,” but this is challenging, for various rea-
sons. Due to these reasons, a reliable and traceable determination of
the FoV becomes highly relevant and requires an appropriate test
specimen'; see Figure 1B. There is a need for control of the FoV by
using such test specimens for XPS users as well as instrument

manufactures.

2 | EXPERIMENTAL

2.1 | Test specimen and micrometer structures
thereon

Useful test structures used to characterize the FoV are Cr squares and
circular spots, which are embedded in a 100-nm-thick Au-film
arranged on a circle with a diameter D = 5 mm. This target design is
manufactured on a 10 x 10 mm? silicon substrate by Physikalisch-
Technische Bundesanstalt (PTB) using e-beam technology. The test
structures have dimensions/diameters from 200 pm down to 5 pum.
Between the Au-film and the test structures is a small spacing s; see
Figure 1A.

2.2 | SEM imaging and profilometry for validation of
features on the test specimen

For quality control reasons, the test sample was investigated with
scanning electron microscopy (SEM) and profilometry. The structure
dimensions d and s were determined as well as their height h. All SEM
measurements were carried out with a ZEISS Supra 40 with a
Schottky field emitter cathode using 20 keV as excitation energy and
different magnifications for the test structures. A conventional
secondary-electron detector (SE) was utilized to image the test struc-
tures, and an in-lens detector was utilized to measure the spacing s;
see Figure S3b. The image magnification at the SEM was calibrated by
using the dedicated structure 1pm pitch of the length reference mate-
rial “S 1995” (Plano GmbH, Wetzlar, Germany) accompanied by a PTB
certificate stating traceability to the length unit. The profilometry
measurements were carried out mechanically with a BRUKER Dektak
XT profiler, and the test structures were imaged with an optical micro-
scope. The device is calibrated with a reference measurement on a
traceable step height standard: VLSI Standards Inc. USA, traceable on
Sl Units (NIST), certified height: 429.3 nm * 3.6 nm, serial number and
certificate: 3421-11-20. The measurement velocity was turned to
slow mode, the measuring distance was extended to 5 to 6 times the
structure dimension, and data points were taken every 0.4 pm. For
accurate measurements of the smallest Cr circular spot, multiple posi-
tioning steps were applied to achieve correct determination of the
diameters and heights or depths.

2.3 | XPS measurements

All XPS spectroscopic as well as imaging measurements were per-
formed with an AXIS Ultra DLD photoelectron spectrometer man-

ufactured by Kratos Analytical (Manchester, UK). XP-spectra were
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recorded using monochromatized aluminum Ka radiation for excitation,
at a pressure in the UHV region (between 1078 and 107 mbar). The
electron emission angle was 0°, and the source-to-analyzer angle was
60°. The binding energy (BE) scale of the instrument was calibrated fol-
lowing a Kratos procedure, which is based on ISO 15472 BE data. Sur-
vey and narrow scan spectra were taken by setting the lens mode to
“field of view 2" (FoV2, small-spot mode). The pass energy was set to
160 eV for survey and for narrow scan spectra. The survey spectra
were recorded with a step size of 1 eV and the narrow scan spectra
with a step size of 0.1 eV. Four different apertures (110, 55, 27, and
15 pm) were applied to vary the area of analysis. Parallel imaging was
performed with the FoV2 lens mode and the position of the iris for best
lateral resolution (“imaging high resolution”). The focus was determined
according to a procedure provided by Kratos (see Supporting Informa-
tion and Figure S2). The spectra were quantified with the CasaXPS-
software version 2.3.16 Pre-rel 1.4, and C1s peak BE is referred to
285.0 eV. For the normalization process of the Au4f intensities on Cr
circular spots, the peak areas of the Au4f intensities on Cr circular spots
were considered in relation to the peak areas of the Au4f intensities
from the Au-film. Hence, fixed BE limits 80 to 92 eV were applied for

the Au4f doublet peak area determination.

3 | RESULTS AND DISCUSSION

31 | SEM

All test structures were imaged, and their dimensions were determined.
The largest deviation, of 0.6 pm, is between the nominal value of the
100-pm Cr square spot and the measured value. The spacings between
the Au-film edge and Cr-structure were between 0.18 and 0.21 pm; see
Figure S3 and Table 1. The main uncertainties of the length measure-
ments are due to the pixel sizes for the SE measurements and the not
sharp edges of the structures for the in-lens measurements. All test
structures comply with the requirements, and the deviations from the
theoretical layout (nominal value) are relatively small. The deviations in
Table 1 are the overall measurement uncertainties.

3.2 | Profilometry

The difference in the height h between the Au-film and the Cr circular

spots is around 25 nm, see Table S1, which ensures a correct sample

alignment on the z direction via parallel imaging mode of the Kratos
AXIS Ultra DLD instrument. The real design of the test structures is
significantly better than the target design, because the spacing s and
the difference in height h are smaller than the recommended values;

see Supporting Information-profilometry and Table S1.

3.3 | XPS

The measurement routine to characterize the FoV follows Baer's and

11 and Scheithauer's approaches.*? Figure 2 shows XPS

Engelhard's
images of four Cr circular spots (200 to 25 pm).

Using our Cr test structures, it is possible to determine the inten-
sity contribution from outside the FoV to the XPS Au4f signal in the
spectra. Running the routine, three measurements were needed. In
the first step, images of the test structures were taken at the BE
where the maximum of the Au4f,,, peak intensity had been deter-
mined before. In the second step, the measurement of the Au4f peak

circle

intensity Ia, with the analyzer axis set to the center of the Cr cir-

cular spot was measured (with three sweeps, repeated five times). In
the third step, the measurement of the Au4f peak intensity I, ™"
was measured on the Au-film at least 500 pm away from the respec-
tive Cr circular spot under the same conditions as in Step 2. All steps
were repeated for each device aperture using the same set of circular
spots. After finishing the measurements in Steps 2 and 3, all Au4f
peak intensities were determined by peak fitting in terms of peak
areas, and average values were calculated. Subsequently, the Au4f

area ratio values were calculated by calculating the quotient of the

circle reference for

average intensity of I, and the average intensity of I,
each circle and set beam aperture. As a result, the calculated Au4f
area ratio value is the part that comes from outside the FoV and con-
tributes to the overall intensity. At this point, the Au4f-ratio-aperture
diagram could be prepared; see Figure 3. The abscissa shows the
apertures of the Kratos AXIS Ultra DLD instrument, and the ordinate
shows the Au4f area ratio [, "'/15, ¢ ™", In general, the smaller
the Cr circular spots, the more intensity information from outside the
nominal FoV was found in the measured spectra. If the instrument's
aperture becomes small, the signal contribution from outside the
nominal FoV is decreased. For all aperture diameters, the major part
of the intensity for the circular spot of 25 pm diameter originated
from outside the circular spot. Addressing the circular spot of 25 pm
circle/

diameter using apertures from 27 up to 110 pm reveals large Ia,
Iau"e™"®® ratios between 90 % and 100 %. Only with the 15 ym

TABLE 1 Measurement of dimensions for test structures and spacings between Au-film edge and Cr-structure
Nominal value/pm Cr square length/pum Spacing s/pm Cr circular spot diameter/pm Spacing s/pm
200 200.1 +0.30 0.22£0.01 200.3 +0.35 0.19 £0.01
100 99.4 £0.16 0.21 £0.01 99.8 £0.19 0.20 £ 0.01
50 49.4 +0.08 0.21 +£0.01 49.8 +0.05 0.20 +0.01
25 24.7 £0.04 0.20 £ 0.01 24.6 £0.09 0.18 £ 0.01
10 9.6 £0.02 0.18 £0.01 9.6 +0.02 0.19 £0.01
5 4.6 +0.01 0.19 £ 0.01 4.6 £0.01 0.18 £ 0.01
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aperture, the signal contribution from outside the nominal FoV
defined by that aperture is below 80 %. The relevant information
derived from the graphs in Figure 3 is that apertures smaller than
30 % of the structure dimensions of the analyzed spot lead to a con-
tribution below 50 % from outside the nominal FoV defined by the
used aperture. For the 25-um circular spot, no suitable aperture is
available, which can prove the 30 % statement. It must be noted that
these results are only valid for our instrument. For other XPS instru-
ments, with other electron optics or with a focused X-ray beam, the
Au4f ratio diagrams can vary and should be determined individually.

4 | CONCLUSION AND OUTLOOK

For microstructured surfaces, it is crucial to know if a small signal
obtained in a “small-spot” or “small-area” XPS measurement originated
from outside or inside the region of interest. Only with the help of
appropriate test specimen carrying structures that allow the determi-
nation of the FoV of the instrument can be directly addressed this
question. Our results emphasize the importance of such investiga-
tions. The FoV is usually several times larger than the aperture of the

instrument. With the procedure and test specimen presented here, it

Aperture diameter / pm

is possible to quantify the influence of undesired contributions from
outside the region of interest. Such knowledge of the relation
between the aperture size and the applied FoV required for an analy-
sis of a structure of certain dimensions on the sample's surface is
needed. To avoid unwanted signal contributions from outside a struc-
ture, for example, in quantitative surface chemical analysis, due to the
wings in the profile of the X-ray beam shape, the utilized aperture or
spot size of the Kratos AXIS Ultra DLD XPS instrument must be
approximately three times smaller than the dimension of the analyzed
structure. For other XPS devices with different X-ray beam geome-
tries and electron optics, the results will be different. It is beyond
question that a determination of the correlation between instruments
settings and the FoV is necessary to obtain credible “small-spot” or
“small-area” measurements. Additionally, two other quantities can be
determined with the presented test specimen: the sizes of the spots
are traceable due to the measurements of the structures with a met-
rological SEM and can be used to determine the length scale
established in a XPS image, and furthermore, astigmatism can be
determined by looking at the Cr squares.

A future task is the optimization of the sample layout based on
feedback of the participants of the VAMAS TWA2 A22 project and
the production of the final specimen for sale. An aging study of the



STOCKMANN ET AL.

@ | WILEY-] "

used Cr in Au on the test specimen is also planned. Finally, the prepa-
ration of an ISO standard derived on outcome of VAMAS TWA2 A22
project is on the agenda of ISO TC 201.
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