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Abstract: Precisely aligned optical components are crucial prerequisites for X-ray tomography at high resolution. We 
propose a device with a fractal pattern for precise automatic focusing. The device is etched in a Si substrate by deep 
reactive ion etching and then filled by a self-terminating bottom-up Au electroplating process. The fractal nature of the 
device produces an X-ray transmission image with globally homogeneous macroscopic visibility and high local contrast 
for pixel sizes in the range of 0.165 µm to 11 µm, while the high absorption contrast provided between Au and Si enables 
its use for X-ray energies ranging from 12 keV to 40 keV.  
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1. INTRODUCTION 

High-resolution X-ray tomographic microscopy is one of the most 
powerful and sought-after 3D full field imaging methods for micro-
scale structural investigations of virtually any material [1-6]. 
Thanks to the high flux of synchrotron radiation sources, high-
quality measurements can be collected in a matter of minutes or 
even seconds, allowing for high throughput or time-resolved 
observations of the microstructure and its evolution in a sample [7-
10]. Image quality and spatial resolution are critically dependent on 
achieving the best possible focus condition of the X-ray imaging 
system. Particularly in high-resolution X-ray imaging, the use of 
indirect X-ray detection systems is ubiquitous. X-rays are converted 
to visible light in a scintillator screen, and the resulting image on the 
scintillator is magnified onto an sCMOS image sensor via an optical 
light microscope, see Fig. 1(a)). Hence, the microscope optics must 
be carefully focused onto the scintillator, and the image plane of the 
scintillator needs to be precisely aligned perpendicular to the 
optical axis of the microscope. The focusing process can be done 
either manually by eye or with the aid of auto-focusing algorithms. 
In either case, being able to record a clear image with high-contrast 
features is prerequisite. Furthermore, to quantitatively evaluate 
and compare the local focus quality over the full field of view, a test 
image with macroscopically uniform and high visibility as well as 

strong local contrast is required. For conventional imaging systems 
with visible light, a printed pattern can be placed in the imaging 
plane in front of the objective. For X-ray imaging systems, however, 
the image plane lies within the scintillator screen, and the focus test 
pattern must be generated by the X-ray beam itself using a test 
sample with good absorption contrast. 
Normally, tomography beamlines possess a variety of optical 
microscopes and cameras, enabling X-ray imaging experiments at 
various different pixel sizes. For example, the TOMCAT beamline at 
the Swiss Light Source (SLS) uses five different types of optical 
microscopes with magnifications from 1× to 40×, and four different 
camera systems featuring native pixels sizes between 6.5 µm and 
11.0 µm. Combining these cameras and microscopes provides 
effective pixel sizes ranging from 0.165 μm to 11.0 μm [8, 9]. To 
achieve a standardized focus quality evaluation, it is preferable to 
use a similar test image for all the different available configurations. 
The most commonly used patterns for focusing processes are 
chessboard patterns [11, 12], gratings [13], Siemens stars [14], and 
concentric circles [12]. The first two can produce a uniform contrast 
over a large area but only with a single characteristic length scale 
(the chessboard or grating period). The latter two can provide a 
range of feature sizes but are arranged around a specific point of 
interest and usually without self-similarity over larger length 
ranges. As a result, one typically requires a dedicated test pattern for 



each combination of optical microscope and camera, with the 
commonly used patterns limited to cases where the pitch sizes are 
close to the effective pixel size. 
Another option is to use random patterns, such like those 
generated, for example, by transmission through sandpaper [15]. 
These typically produce a range of image feature sizes related to the 
size of the randomly distributed structural features of the pattern. 
Statistically, they do provide long-range uniformity as long as the 
considered length scales are much larger than the feature sizes. 
However, they often lack a high enough contrast at high energies, or 
become too absorbing at low energies. Also, it is not easy to combine 
enough different feature sizes in a single test pattern to 
accommodate the full range or magnifications and energies. Often, 
the large structures required for the low magnifications cause 
severe illumination non-uniformities at higher magnifications. In 
practice, one therefore needs to use different characteristic feature 
sizes (grades of sandpaper) for different imaging conditions. Table 
1 compares the capabilities of the different pattern designs 
mentioned above. 

Table 1. Capabilities of the commonly used calibration 
patterns in X-ray imaging systems 

Pattern 
Acutance 

test 
Resolution 

test 
Zooming Test area 

Fractal 2D discrete Y Full FoV 
Siemens 

star 
Omni continuous Y 

Center 
only 

Linear 
grating 

1D fixed N Full FoV 

Chess-
board 

2D fixed N Full FoV 

Concentric 
circles 

Omni fixed Y 
Center 

only 
Random 

(e.g.: 
sandpaper) 

Omni continuous Y Full FoV 

This work presents an alternative based on the design and 
fabrication of a micro-structured pattern with a universal test 
pattern that fulfills the dual requirements of macroscopically 
homogeneous and high visibility as well as strong local contrast for 
the full range of pixel sizes and relevant X-ray energies. 

2. PATTERN DESIGN 

Figure 1 shows the schematics of the setup (a), and the design of the 
basic building blocks (b-c). The idea of the design is to produce a 
fractal pattern that features a hierarchy of feature sizes spanning 
the entire range of relevant length scales. The pattern is created in 
an iterative approach, with a basic building block represented by a 
black square (iteration 0). The next iteration of the pattern is then 
formed by surrounding the current iteration with eight inverted 
copies of itself. Iteration 1 thus consists of a central black square 
surrounded by eight white squares. This new 3×3 square array 
serves as the basic building block for the next iteration, which 
surrounds this central pattern with eight inverse copies to create a 
9×9 array (see Fig 1(b)). This process can be repeated until the total 
size of the fractal pattern is larger than the required field of view. 

Because the size of the pattern increases with each iteration, the 
above approach was modified to both reduce complexity of the 

pattern to be written and improve flexibility in defining the overall 
patterned area. The size of the exposure file for the pattern to be 
written was thus limited to the original and inverse fractal patterns 
generated with 5 iterations (243×243 array = 486×486 μm), and 
the overall area of the substrate was covered using a 25×25 
chessboard tiling of the two, as shown in Fig. 1(c), instead of simply 
iterating until the full area was covered. 

 

 

 Fig. 1 (a) Schematic of the X-ray imaging system of the  TOMCAT beamline 
at Swiss Light Source. (b) The fractal pattern at the 1st (top left), 2nd (top 
right), 3rd (bottom left), and 4th (bottom right) iterations. (c) Four fractal 

patterns made from 5th iterations, combined in a 2×2 chess-board 
arrangement. 

To produce an X-ray imaging test pattern, the fractal pattern is 
transferred into a micro-fabricated device with high X-ray 
absorption contrast. Here, the basic square building block is 
represented by an etched square pit in a Si wafer that is filled with a 
highly absorbing metal, and its inverse corresponds to a Si square of 
the same size that has not been etched. The length chosen for the 
basic square building block was 2 μm, about 12 times larger than 
the smallest targeted image pixel size. The overall size of the 
required pattern equals the dimension of the detector, in pixels, 
multiplied by the largest effective pixel size, approximately 22 mm 
here. 

Since the X-ray imaging takes advantage of the absorption contrast 
between different materials, the device is made of Si and Au – two 
materials with a substantial difference in their X-ray absorption 
properties. The target height for the Au filling was approximately 25 
μm, which corresponds to one X-ray absorption length around 33 
keV photons, thus providing a good absorption contrast throughout 
the full desired energy range. 

3. EXPERIMENTS 

A. Fabrication of the test sample 



We fabricated the device using the ‘litho-etch-electroplating’ grating 
fabrication process [16], whose process flow is schematically 
shown in Fig. 2(a). We used a 4-inch N<100> double side polished 
Si wafer (0.001-0.01 Ω∙cm) as a substrate. The wafer was pretreated 
with pure O2 plasma in a TePla 300 Plasma Processer and coated 
with a 50 nm layer of Cr etching hardmask in Evatec BAK 
evaporator. Finally, it was spin coated with a layer of AZ S1805 
positive photoresist at a speed of 4000 rpm (8000π rad/min) and 
baked at 115 °C for 90 s. A Heidelberg DWL66+ laser writer was 
used to expose the fractal pattern in the photoresist. Then the 
exposed photoresist was developed in MF-24A for 40 s. The 
resulting pattern in photoresist was transferred to the Cr layer by 
plasma etching, using Cl2 and O2 gases. The choice of etching method 
is not trivial for this pattern. In principle metal assisted chemical 
etching provides good anisotropy with no feature-dependent 
etching rate, but it is usually applied to etch interconnected features 
[17]. Since the fractal pattern in this study has many isolated 
features, we adapted the deep reactive ion etching (DRIE) method. 
The wafer was inserted into an Oxford PlasmaLab 100 ICP system, 
and etched with SF6/C4F8 as etching/deposition gasses in deep 
reactive ion etching (Bosch process) [18]. However, due to the 
nature of the fractal pattern, the areas of the features to be etched 
vary substantially from each other. As a consequence, the DRIE 
process is affected by an obvious pattern scale microloading effect 
[18, 19] , with shallower etch depth in smaller features, most 
particularly the isolated square pits shown as white dots in Fig. 1 (c). 
However, thanks to the microfabrication procedure the etched 
features are periodically reproduced with the same precision over 
the whole fabricated device area, which is the reason for a globally 
homogeneous visibility. A short O2/SF6 plasma treatment was used 
to remove the Teflon-like polymers from the surface of the etched 
Si template. The remaining Cr hard mask was removed with Cl2/O2 
plasma and a final surface cleaning was performed using O2 plasma. 
A top view SEM image of the resulted Si template is shown in Fig. 
2(b). A bi-layer of 5 nm Al2O3 and 20 nm Pt was then conformally 
deposited by atomic layer deposition (BENEQ TFS 200) onto the Si 
template, with Al2O3 ensuring good adhesion and Pt providing a 
continuous electrically conductive layer for the subsequent Au 
electroplating step. The Au electrodeposition is divided into two 
sub-steps. The Si template was first conformally coated by Au 
electroplating with a layer of ~50 nm [16] . As conformal deposition 
cannot provide void-free filling of features having vertical sidewalls, 
let alone simultaneous filling of features having a variety of shapes 
and dimensions, this layer serves to facilitate Au nucleation for the 
subsequent bottom-up filling. The recessed features were filled 
with Au to the surface of the Si substrate using a bottom-up 
electrodeposition process [20-22]. The advantage of this method is 
that, despite the fully metallized surface, Au growth initiates at the 
very bottom of each recessed feature, and the bottom-up filling 
stops automatically, locally and universally, when the deposit 
reaches the surface of the Si substrate. This report is the first 
demonstration that this method can be utilized for simultaneous, 
void-free filling of structures whose features exhibit a wide range of 
shapes and sizes. Figure 2(c) shows a top view SEM image of a Au 
filled device. The largest continuous etched areas from the first to 
the fifth iteration are (4, 32, 256, 2048, and 16384) μm2. The overall 
extent of the fabricated pattern covers an area of 24.3×24.3 mm2. 
The Figure 2 (c) insert shows an SEM image of a cross-sectioned 
specimen with the Au filling. The etched Si depth varies in the range 
(19.7 to 27.8) µm due to the microloading effect given the varying 

feature area and shape. Despite this, the bottom-up Au 
electroplating process has achieved void-free fill in all the features 
up to the top surface of the substrate, with no chemical mechanical 
polishing used, nor needed, after the metal filling. 

 

 Fig. 2 (a) The process flow includes: (1) lithography; (2) plasma etching; (3) 
Pt pre-coating; and (4) bottom-up Au electroplating. Variation in feature 
depth is caused by the microloading effect. Top view SEM images of the 

device after (b) plasma etching and (c) Au electroplating. (c) (insert) Cross 
sectional SEM image taken from the test sample in the region marked with 
the red solid line (same scale bar), the Si template appears in dark gray and 
the brighter area is Au. The edge blurring induced by the slightly tapered 

sidewalls at the very bottom is not resolvable by the detectors, hence it does 
not affect the acutance. Bottom-up gold filling was achieved in an electrolyte 

comprised of 0.16 mol/L Na3Au(SO3)2 + 0.64 mol/L Na2SO3 with the 
addition of 50 μmol/L Bi3+. Deposition was performed under potentiostatic 

condition at -0.78 V (versus Hg/Hg2SO4/saturated K2SO4 reference 
electrode) for 22 h 30 min as the workpiece was rotated at 200 rpm (400π 

rad/min). 

B. Focus characterization with the fractal test sample 



  

Fig. 3 X-ray transmission images of the test pattern taken at different X-ray 
energies and effective pixel sizes: (a) 20 keV, 0.165 μm; (b) 12 keV, 11 μm; 
(c) polychromatic X-ray beam, 1.625 μm. Variation of the Au thickness as a 

function of the pattern’s feature size (see Fig 2(c)(insert)) causes a 
corresponding variation in the transmitted X-ray intensity with the size of 
the Au-filled feature. However, this variation should not compromise the 

focus quantification, and the absorption contrast is sufficient to resolve the 
individual features across the full area. 

The micro-fabricated focus test sample was tested in the TOMCAT 
beamline at the SLS with effective pixel sizes ranging from 0.165 μm 
to 11.0 μm for both monochromatic X-rays with energies between 
12 keV and 40 keV as well as a polychromatic beam filtered with 
carbon (5 mm) and molybdenum (75 μm) with a lower cutoff 
around 15 keV and two spectral peaks at 20 keV and 37 keV. The 
distance d between the test sample and the scintillator is variable 
and can be adjusted to obtain the desired image quality. At near 
contact, the image is dominated by absorption contrast, while for 
larger distances, one starts to observe edge enhancement effects 
due to the refraction of the partially coherent beam. This increased 
acutance can be helpful to boost the local contrast, especially at 
higher energies where the absorption contrast begins to diminish. 
The test image produced by the sample can be observed with a clear 
and spatially homogeneous absorption contrast at all resolutions. 
Figure 3 shows transmission images acquired under representative 
imaging conditions. Note that the observable long-range variations 
in intensity (predominantly visible in the vertical direction) are due 
to an inhomogeneous X-ray beam profile and not caused by the 
pattern itself. The automatic focus is done by step scanning the 
objective lens, and the distance from the scintillator is denoted as 
FOC in Fig. 1(a). 
Although the smallest micro-structural features cannot be resolved 
in the images with larger pixel sizes, the observed contrast pattern 
still resembles closely the fully resolved pattern at high resolution. 
The local image contrast is high under all conditions, albeit with the 
sub-micrometer sharpness of the transition between the Au and Si 
regions lost due to lateral light leakage within the luminescent 
material of the scintillator screen, and the long-range homogeneity 
is excellent. The micro-patterned device clearly achieves the 
desired properties of a universal focus characterization tool. 

4. CONCLUSIONS 

We present the fabrication and characterization of a micro-
structured device featuring a fractal pattern designed for assessing 
the focus quality of indirect X-ray detection imaging systems. The 
device creates a uniform test pattern with high absorption contrast 
for hard X-rays (12 keV to 40 keV). The fractal design of the test 
sample ensures its universal use for setups that have different 
combinations of optical microscopes and cameras, providing 
different magnifications and resolutions. Its excellent long-range 
uniformity in combination with the high local contrast allows 
quantitative evaluation of the focus quality of the imaging system in 
a spatially resolved manner. This is made possible by the self-
terminating, bottom-up Au electroplating, which allows uniform 
filling of the different shapes, sizes and depths of the recessed 
features in the patterns. This process could also be applied to 
several other applications that require Au microstructures with 
various thicknesses in the same device, such as vias, 
microelectromechanical systems (MEMS), etc. 
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