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Abstract 

Novel standards in the production of optoelectronic devices lead to increased NDT requirements. Defects with 
an aperture below 1 micrometre must be detected reliably and scan times have to be reasonably short at the same 
time. In this contribution, a computed tomography (CT) system is presented that both enhances, image quality 
and scan times of state-of-the-art sub-µm-CT systems.  
An X-ray tube with a novel focussing unit allows for focal spot sizes below 0.5 µm. A very sensitive X-ray 
detector on the other hand copes with the reduced flux and achieves a reasonable illumination even with short 
exposure times.  
Further optimizations of the X-ray generation reduce unwanted effects in the projective images and allow for a 
maximization of the effective intensity. The CT setup, techniques to improve image quality and optimization 
methods are presented. 
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1. Introduction 

Requirements in the field of non-destructive testing (NDT) of optoelectronic devices attach 
great importance to detail recognisability. Throughput-optimised testing procedures are 
executed after most of the processing steps during the production process. An additional final 
check is carried out after the last processing step. State of the art techniques especially include 
ultrasonic and optical methods, which lack spatial resolution or the ability to generate data of 
the interior of the object, respectively.  

On the other hand, the testing techniques are required to be fast, since time consuming 
methods may be an option for the characterisation of production techniques and processes as a 
matter of random check, but will not be accepted by the producer as a comprehensive testing. 
State of the art X-ray imaging techniques include computed tomography (CT) [1][2], that 
generates three-dimensional image data of the object to be tested. With a scan time of < 30 s 
voxel sizes of 5 µm can be realised. Accepting longer scan times voxel sizes of < 1 µm over a 
volume of typically 2k x 2k x 2k voxels are realised. 

With focused ion beam (FIB) imaging techniques volumetric data with spatial resolutions in 
the nanometre scale can be generated in a destructive way. Maximum sample sizes are in the 
range of several micrometres whereby this technique lends itself to material characterisation 
in research activities in the field of material sciences. The long-term objective is to close or at 
least diminish the gap of spatial resolutions and maximum sample sizes between the 
nanometre scale techniques and X-ray imaging in a laboratory environment. In order to 
progress with respect to this matter three main objectives have become apparent. At first, 
spatial resolution and hence detail recognisability in X-ray imaging have to be augmented, 
image quality improving techniques are to be explored and finally efforts should result in 
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measurement times that are as short as possible. For the realisation of high spatial resolutions, 
highly magnified images are acquired and hence X-ray tubes with focal spot sizes << 1 µm 
are required. Since the size of the focal spot is amongst others limited by the diameter of the 
electron beam, efforts are done to diminish the latter. Small focal spots are accompanied by a 
reduced target power compared to X-ray tubes with standard microfocus modes. Therefore, 
the X-ray flux is maximised by using X-ray targets that are optimised with respect to small 
focal spots and the effective intensity behind the specified objects. Additionally, scan times 
can be kept in an acceptable order of magnitude by using a highly efficient radiation detector 
the usage of which is well established in dental and veterinary applications but novel in 
industrial applications so far. 

At the same time, an automated analysis of the produced images is required such that image 
quality must be excellent in order to instantiate a reliable recognition of defects with an 
aperture below a defined magnitude, which is 1 µm in this case. 

This contribution shows techniques and results in actual research efforts in the matter of 
enhancing spatial resolution within CT at adequate scan times and improving image quality.  

2. System Setup 

For the realisation of the CT system we used components that allow for the realisation of 
high-resolution computed tomography measurements. The XRayWorX XWT-100-TCHR X-
ray tube provides a novel internal focussing unit and has a specified maximum detail 
recognisability of < 0.2 µm. The detectors we used are on the one hand Varian PaxScan 
25250D, which is highly efficient in low radiation energies and has a maximum readout speed 
of 30 frames per second (fps). It therefore allows for fast scan times even with low flux. On 
the other hand we used the PhotonicScience MiniFDI detector with a specified pixel size of 
6.5 µm. In order to cope with the requirements on high spatial and contrast resolution, the 
Aerotech ABRT-150MP-AS rotation stage with a uni- and bidirectional repeatability of < 1” 
was applied. 

2.1. XWT-100-TCHR 

The XWT-100-TCHR tube has a microfocus and a nanofocus mode. Using a low energy X-
ray target consisting of a tungsten layer on a diamond substrate, the 0.4 µm structures of the 
Jima RT RC-02 test mask could be resolved with a contrast of 15% in nanofocus mode. In 
microfocus mode a maximum target power of 10 W can be achieved. Due to optimisation 
reasons, the maximum tube voltage is limited to 100 kV. 

Detail recognisability with respect to different targets has been examined. The standard target 
made of tungsten on beryllium has been compared to a low energy optimized target made of 
tungsten on diamond. It can be shown that focal spot sizes can be optimised varying the 
substrate material and tungsten layer thicknesses (Figure 1). With the diamond target 
optimised for low energy applications, the 0.5 µm structures can be resolved with a contrast 
of 28% and the 0.4 µm structures can be resolved at 24 % contrast, although image noise 
strongly increases and X-ray flux and hence the intensity in the image decreases (Figure 1).    



   

   
Figure 1: Detail recognisability of 0.5 µm and 0.4 µm structures using different targets. The 0.5 µm 

structures of the Jima RC RT-02 test mask can be resolved with 15% contrast with a W on Be target (left) 

and with 28% contrast with a W on Diamond target (centre). The 0.4 µm structures can be resolved with 

24% contrast using 6 µm tungsten on 350 µm diamond as target (right).  

 

The results of the characterisation of the focal spot size seemed promising at first glance for a 
realisation of CT measurements with detail recognisability far below 1 µm in the volumetric 
data. The focal spot size is one aspect that is important for highly magnified imaging 
techniques. Geometric stability is a different one. Using focal spot sizes of 1 µm or below, 
already slight changes of the position of the focal spot that have a negative effect on the 
sharpness of the image. If the movement of the focal spot on the target is in the region of the 
voxel size or even bigger, artefacts in the reconstructed image occur that are comparable to 
artefacts caused by object movement. Therefore the stability of the focal spot has been 
examined with disillusioning results. 

Several measurements have been made with reproducible results. The position of the focal 
spot on the target in horizontal (x) and vertical (y) direction can be seen in Figure 2. The 
position of the focal spot has been observed over a time span of 4.4 hours using a projective 
image of a steel ball with a diameter of 850 µm. The ball has been displayed with a 
magnification of factor 80; a projective image has been acquired every second. In preparation 
of the measurement a time span of 2 hours has be used for warm up of the tube. Since the 
results are clearly reproducible, a movement of the object can be excluded as cause of this 
behaviour. 



 

  
Figure 2: Position of the focal spot in relation to the position during the acquisition of the first image. 

Exposure time was 1000 ms. A movement of 200 µm can be detected reproducibly in the horizontal 

direction over a time span of 4.4 hours. 

 
Due to the immense drift of the focal spot in x as well as in y direction which does not seem 
to present an asymptotic behaviour in acceptable time further improvements regarding the 
stability of the focal spot have to be made. Those include a cooling unit and have not been 
finished before the paper submission deadline. All following measurements therefore have 
been made with a conventional Feinfocus FXT 160 microfocus X-ray tube. 

2.2. Varian PaxScan 2520D 

The characterisation of the XWT 100 X-ray tube shows promising results with respect to the 
achievable detail recognisability in CT imaging. Assumed that the instability of the focal spot 
will be solved, the next step towards a high-resolution CT is the radiation detector. A large 
number of sensor pixels is beneficial in order to maximize sample sizes or in our case where 
sample sizes are well known, in order to maximize the spatial resolution. The Varian PaxScan 
2520D comes with a pixel pitch of 127 µm, a high efficiency for low energies and a high 
readout rate of 30 fps with pixel binning and 10 fps at full resolution.  

 
Figure 3: Modulation Transfer Function (MTF) of PaxScan 2520V in comparison to Hamamatsu 

C9311DK and C9312SK detectors. 



The resolution capability of the PaxScan detector is with 2.4 lp/mm at 20% contrast 
comparable to the spatial resolution of the Hamamatsu detectors C9311DK with 100 µm pixel 
pitch and C9312SK with 50 µm pixel pitch respectively, although pixel sizes differ. 
Efficiency measurements showed a maximum efficiency of the sensor for 90 kV and a 
prefilter of 20 mm Al filtering.  

2.3. PhotonicScience MiniFDI 

The second radiation detector we used is the PhotonicScience MiniFDI with a specified pixel 
pitch of 6.5 µm. Due to the small pixel pitch and respectively the small sensitive detector 
area, unequally higher exposure times are necessary for each frame in comparison to the 
PaxScan detector. In our case we use exposure times of 5 s in order to achieve an acceptable 
illumination. The MTF determined with a copper edge showed a contrast of 20 % at 26.7 
lp/mm. According to this result a Jima RT RC-02 can be displayed with magnification factor 
1 at the detector’s entrance window, where the biggest occurring structures can still be 
resolved, as shown in Figure 4.   

   
Figure 4: Jima RT RC-02 displayed with magnification 1 at the PhotonicScience MiniFDI. 15 µm 

structures can be resolved with a notable contrast (right). 

2.4. Rotation stage 

As a rotation stage the air-bearing rotation stage Aerotech ABR1-150MP is used due to the 
specified bidirectional repeatability of < 1 arc sec. The characterisation is still in progress but 
at first glance this rotation stage has a much higher repeatability than conventional rotation 
stages that are operated by stepping motors. 

3. Measurement methods and further optimisation 

3.1. Samples 

Optoelectronic devices occur in several object geometries. In addition to silicon wafers which 
are tested by radioscopic methods rather than by CT, microchips to be tested occur in 



different sizes (0.5 mm up to 2 mm edge length) and as a combination of different materials 
(e.g. silicon or germanium as substrate). Depending on the preceding processing step, 
microchips may occur in an isolated way on a carrier foil, as single chip or mounted on a 
copper mounter within a plastic housing. The latter two are the samples that have been taken 
into account for CT measurements in this work. For clarity reasons, the samples will be 
referenced as sample 4 (0.5 mm, mounted) and sample 12 (1 mm, single chip), respectively. 

Sample 4 has rather complex object geometry in comparison to sample 12. Sample 12 mainly 
consists of a silicon or germanium substrate and some thin semiconductor layers of only 1 µm 
– 5 µm layer thickness and some additional soldering or interconnecting structures made of 
high absorbing materials such as gold, zinc or tin. Sample 4 in contrast is additionally 
equipped with a comparably huge copper mounter which leads to unwanted effects in the CT 
due to beam hardening and scattered radiation. The entire formation is moreover housed by a 
plastic structure which increases the total sample size and is not of interest at all. 

3.2. Image acquisition and reconstruction techniques  

As a straight forward approach to X-ray based imaging we chose the conventional 3-D CT in 
cone beam geometry. Using the PaxScan detector the active image width is 1840 pixels which 
immediately lead to a theoretical minimum voxel size of 0.76 µm in the case of 1 mm edge 
length and 0.38 µm in the case of 0.5 mm edge length respectively. For those voxel sizes 
requirements on system stability are extraordinarily high as explained in section �2.1. Since a 
spatial stability of the focal spot is required well below the voxel size, all measurements have 
been made with a Feinfocus FXE microfocus X-ray tube [5] which shows a more sufficient 
stability of the focal spot than the XWT-100 does. 

Since for the adjustment of the rotation centre an accuracy of 0.2 times voxel size is required, 
not too much effort has been put into the positioning of the rotation axis. Only the 
magnification of the actual setup has been determined beforehand. The exact horizontal 
position of the rotation axis with respect to the central beam (which in this case is interpreted 
as the connection line between the focus and the centre of the detector) has been determined 
out of the sinogramm data of the object.  

The acquisition of the entire sample 4 leads to the unwanted effect that most of the image is 
covered by parts of the object that are not the matter of interest, such as the copper mounter or 
the plastic housing. As a consequence, the microchip itself is only a small part of the 
reconstructed volume with an accordingly poor spatial resolution. In order to cope with this 
effect, the housed microchip is magnified higher than the detector plane allows i.e. it is 
magnified such that the chip covers most of the image plane and the unwanted areas of the 
object are  generally not displayed on the detector plan anymore. Reconstructing such a data 
set without any additional information leads to unwanted artefacts that occur mainly at the 
outer edges of the reconstruction region but also degrade the image quality in the interior of 
the reconstructed volume. Using a padding of the projections reduces those artefacts [6]. Size 
and shape of the object are well known and used as a-priori information for the 
reconstruction. Using those simple techniques already leads to acceptable results of the CT of 
microchips. 

 



3.3. Correction methods 

The high-resolution computed tomography with simple image quality improving measures 
and innovative high-precision components still shows well-known artefacts as beam 
hardening and ring artefacts caused by discontinuities within the pixel behaviour. For the 
reduction of beam hardening effects such as cupping artifacts or blurred grey value 
devolutions the iterative image correction (IAR) using a look-up table (LUT) is a well-
established method [4]. The LUT allows for a mapping of the grey values onto penetration 
lengths and causes a linearization within the reconstructed image. The base algorithm assumes 
the object to consist only of one material. In our case we assumed the object to consist of 
silicon. 

An improvement of the correction results is expected by using an iterative artefact reduction 
that is optimised for more than one material [3]. For each material a single LUT is generated 
using the projective data set as input data. The capability of this algorithm strongly depends 
on image quality, though, since the materials have to be segmented from one another in the 
reconstructed volume. A composition of silicon and a III-V-semiconductor has been assumed 
in order to generate the LUTs. 

A second problem that reduces image quality are ring artefacts. Nonlinear detector pixels that 
cannot be compensated by a gain correction or defect pixel mapping, such as blinking pixels, 
cause disturbing lines in the sinogram data that are transformed into concentric rings in the 
reconstructed slice. Those effects can also be caused by an discontinuity of the detector pixel 
matrix and are emphasised especially in the centre of the reconstructed volume, as the object 
structured that are located near the rotation centre a displayed at a small variety of detector 
pixels in comparison to the outer structures of the object. A horizontal detector wobble during 
the data acquisition reduces the artefacts but can also bring in other disturbing effects in the 
worst case. Hence a sinogram based artefact correction is performed which shows satisfying 
results. 

3.4. Target optimisation 

Small focal spot sizes are adherent to a highly focused electron beam in the X-ray tube. 
Evolution of heat increases the higher the electron beam is focused. Hence, small foci can 
only be realised with an adequately small target current which as a consequence reduces the 
emitted X-ray flux. By means of simulation techniques target materials and layer thicknesses 
have been optimised in order to minimise the focal spot size and to maximise the X-ray flux 
depending on the object to be inspected and on X-ray spectra. 



 

   
Figure 5: Simulations for the optimisation of targets. Besides the absolute itensity, an effective intensity 

for two of the samples has been simulated. As can be clearly seen, images of the mounted microchips are 

expected to be afflicted with a low intensity and an increased image noise. 

 

4. Results 

Several measurements have been made in order to find out the limits of the system with 
respect to detail recognisability and defect detection. Measurement parameters can be found 
in Table 1.  

Measurement 

1 

Measurement 

2 

Measurement 

3 

Measurement 

4 

Sample 4 12 4 12 

Exposure time / ms 750 500 250 250 

Average / frames 2 2 1 1 

Tube voltage / kV 80 80 60 60 

Filtering 0.5 mm Ti 0.5 mm Ti 

No. of images 1600 1200 2400 2400 

Voxel size / µm 0.92 0.88 1.24 1.24 

Table 1: Measurement parameters used for sample 4 and 12. 

In sample 4, a notable porosity in the soldering layer between the microchip and the copper 
mounter has been detected. A complete coverage of the microchip with soldering lead is 
desirable. With state of the art methods, the coverage of the spacing between microchip and 
mounter with lead can’t be determined, which forces the producers to make sure the lead 
expands out of all sides of the microchip. With this method, it still can’t be assured that a 
porosity of the lead is not existent. By means of CT data the large-area use of soldering lead 



can be avoided and also a reliable value of the porosity can be given. Figure 6 shows a 
reconstructed slice of the porous soldering lead. 

Sample 12, in contrast, shows a major crack in the silicon substrate. This crack is well 
detectable with optical methods, since it is connected to the bottom of the chip. CT 
reconstruction showed that it is in fact not only a superficial scratch, but crosses the whole 
substrate up to the semiconductor layer. Figure 7 shows a reconstructed slice of sample 12. 

     
Figure 6: Reconstructed slice of sample 4 as the entire slice (left), zoomed into the section of the soldering 

lead (centre) and with the porosity marked as overlay (right). 

 

 
Figure 7: Reconstructed slice of sample 12. Edge length of the microchip is 1 mm. A crack in the silicon 

substrate is clearly detectable. 

The data sets have been reconstructed with the above mentioned correction and optimisation 
methods leading to the following results: 

Defect  SNR Cupping Voxel size 

Measurement 1 7.7% 7.33 N/A 0.92 

Measurement 2 23% 6.96 19.8% 0.88 

Measurement 3 4.6% 9.40 N/A 1.24 

Measurement 4 10.7% 12,23 17.4% 1.24 

Table 2: Comparison of image quality for the measurements depending on the samples. Image quality can 

be enhanced by using more angular steps and larger voxel sizes. 



The percentages listed in the column “defect” have different meanings for the two samples. In 
the case of measurements 1 and 3 (sample 4), “defect” means the determined porosity in the 
soldering layer below the microchip. In the case of measurements 2 and 4 (sample 12), 
“defect” means the contrast with which the detected crack can be resolved. The signal to noise 
ratio (SNR) has been determined in homogeneous areas of the object within the silicon 
substrate that are not afflicted by any defects.  For the reconstructions of sample 4, after the 
beam hardening correction, there wasn’t any cupping effect detectable, anymore. In both 
cases the SNR has been improved by the enhanced angular sampling and the larger voxel size. 
The larger voxel size on the other hand also reduces the contrast of the detected crack in the 
image. As a visual impression the reduced contrast in measurement 4 was more than equalised 
by the improved SNR, such that measurement 4 showed the best results for sample 12.  

First images with the Photonic Science MiniFDI detector had been acquired at the time of the 
paper submission deadline. Due to the small pixel pitch, the detector has a comparable small 
active area but brings a good intrinsic spatial resolution (see section 2.3). A projective image 
of a silicon segment on a test board can be found in Figure 8. 

   
Figure 8: Projective image of silicon on a test board acquired with the Photonic Science MiniFDI camera. 

The pixel pitch of the camera is specified as 6.5 µm. This image has been acquired with magnification ~1. 

The silicon segment in the center of the board has an edge length of 1.5 mm. 

 

5. Summary and outlook 

Requirements on the NDT on optoelectronic devices have risen during the recent years. 
Defects and irregularities with a structure size well below 1 µm are required to be detected 
reliably. The throughput optimised state of the art techniques such as ultrasonic microscopy 
are to be complemented by a non-destructive testing technique that is optimised with respect 
to spatial resolution, image quality and defect recognisability. By means of computed 
tomography cracks with an aperture below 1 µm can be made detectable with novel 
components and imaging techniques. Additionally, the porosity of soldering layers can be 
analysed. 



Future work refers to further error estimation of the system by characterising the air-bearing 
rotation stage and investigating the influences on the stability of the focal spot. With a spatial 
stability of the focal spot within +/- 0.5 µm in all dimensions, spatial resolution of the CT 
measurement will enhance significantly. For the improvement of image quality, beam 
hardening artefact corrections for inhomogeneous objects are stil a matter of research and 
optimisation. 

Finally, the Photonic Science MiniFDI camera will be used for CT measurements in order to 
investigate the achievable image quality. An optimum between image quality and 
measurement times has to be found. 
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