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Sensor inspection stage
Adrian Bevan, July 2017

This note outlines design constraints for a semiconductor inspection system. The system must:

1. Be able to resolve features that are 1µm in size.

2. Image a 100mm × 100mm sensor, and output a single image that corresponds to that footprint.

Further developments of the system may have pattern recognition functionality to identify faults in the ATLAS strip
sensors.

This presumably means a 150mm × 150mm travel constraint. Follow up with suggested companies for cheaper
stages and cameras.
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I. MECHANICS

A. x-y stage considerations

From the perspective of control software we require a set of drivers that will integrate with suitable software
(LabView/Matlab) to ensure that we are able to integrate more advanced features. Preferably we want to develop on
Linux; however one could resort to OSX and the worst case scenario is Windows. The latter will probably provide
the most functionality and options; but has increased risk in terms of reliability and software development.

To satisfy the 1µm feature size resolution requirement and to mitigate the need to pattern match adjacent images,
we would ideally like to have a positioning reproducibility that is better than 1µm. Cost escalates at this mark, and one
could accept a compromise solution with a 1-2µm reproducibility at the extent of having 1 or 2 pixels overlapping. A
lower specification than this could result in gaps in images, or significant overlap that might necessitate the requirement
of image manipulation for constructing composite images.1

To image a full sensor with this level of detail one will require a set of images to be taken of regions of interest,
and those regions will be merged together (e.g. a simple python script can do this) to make a composite image that
is then uploaded into the ATLAS data base. The number of images required will depend on the camera and optics.

There are two engineering solutions to this problem; one is to have an x-y stage, the other is to have two linear
stages that are coherently controlled in order to replicate an x-y stage. While the former is more elegant (and typically
better performance), the latter solution is approximately half of the cost in terms of stages. One expects the control
system to be of equivalent costs as the number of axes to control is the same in both cases.

As the sensors are 100mm in lateral dimension, we need to ensure that there is at least this much travel in each
of the x and y axes. A larger travel than this (up to 150mm) would be desirable to facilitate tests of modules, and
also possible of purpose-build small single module of staves. Tables I and II summarise the specifications for different
mechanical solutions for in-plane x− y control.

TABLE I: x− y stage specifications for possible two axis solutions for the in-plane mechanical system. Control options include
C++ (C++ driver), L (LabView driver), G (OEM GUI), M (Matlab drivers) P (Python driver).

Specification Aerotech PI PI

Model PlanarDL-100X L-731.40SD L-731.44SD

Total cost 12,500 10,098 11,566

Stage cost 9,500 8,800 10,268

Other costs 3,000 1,298 1,298

Dimension (mm) 230× 285 310× 310 310× 310

Travel (mm) 100× 100 205× 205 205× 205

Repeatability ±0.1µm ±5µm ±0.5µm

Resolution 3nm ±1.25µm ±0.05µm

Straightness ±1µm ±3µm ±3µm

Flatness ±1µm ±3µm ±3µm

Pitch 12 arc sec 15 arc sec 15 arc sec

Roll 12 arc sec ?? ??

Yaw 6 arc sec 15 arc sec 15 arc sec

Mass 11kg 15.5kg 15.5kg

Control Interface Eth/RS232 RS232 RS232

API C++,G,L,M C++,G,L,M,P C++,G,L,M,P

Clean room prep Additional cost ?? ??

1 A high-end commercial system will need to have repeatability better than 1µm, whereas a less stringent specification could be allowed
for ATLAS upgrade work or a low end system. This would result in a 1µm boarder not necessarily being picked up, or being duplicated.
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TABLE II: x − y stage specifications for linear stage solutions for the in-plane mechanical; two stages are required for these
solutions and the prices noted are for the two stages required. system.

Specification Aerotech Aerotech Thor Thor PI

Model MPS75SLE-100-HALAR MPS75SL-100 NRT100/M DDSM100 L-406.40SD00

Total cost 12,900 9,900 5,199 4,706 6,326

Stage cost 9,400 6,400 3,022 3,112 5,000

Other costs 3,500 3,500 2,177 1,594 1,326

Dimension (mm) 350× 350 350× 350 363× 363 195× 195 281.5×281.5

Travel (mm) 100× 100 100× 100 100× 100 100× 100 102× 102

Accuracy ±1µm ±4µm ±2µm ±5µm ±3µm

Repeatability ±0.1µm ±0.75µm ±1µm ±1.5µm ±0.5µm

Resolution 0.025µm 0.1µm 0.1µm 0.5µm 0.3µm

Straightness ±3µm ±3µm ±2 − 5µm ±5µm ±6µm

Flatness ±3µm ±3µm ±2 − 5µm ±5µm ±6µm

Pitch 5 arc sec 5 arc sec 30 arc sec 4 arc sec 20 arc sec

Roll 5 arc sec 5 arc sec ??? ??? 20 arc sec

Yaw 5 arc sec 5 arc sec 20 arc sec 4 arc sec 20 arc sec

Mass 5.2kg 4.0 kg 4.4kg 1.4kg 2.4kg

Control Interface Eth/RS232 Eth/RS232 15-pin 15 pin HD sub-D 26

API C++,G,L,M C++,G,L,M G,L G,L G, L, M

Clean room prep Additional cost Additional cost
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B. z stage considerations

The requirements set by ATLAS require a fixed focal length system; as a result no powered z-control is required.
Thus one can implement a manual z-focus axis. Alternatively one can consider adding a z-control to the system, but
with reduced translation to enable sharp focus to be obtained automatically, even if sensors are mounted on some
kind of jig.

Cost would dictate a manual focus for the z-axis, with flexibility to change the position of the camera to facilitate
use of sensor holders of different heights. It is assumed that a suitable vacuum jig will be used to pull a given sensor
flat, so that the alignment and calibration of the camera in the x-y plane is such that one retains a sufficient depth of
field across the entire stage. This may require appropriate trimming of the camera postion during a calibration phase
when setting up the stage.
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II. OPTICS

A. Optical Resolution

The spatial resolution of a microscope is given by R and depends on the angular aperture α, where

R =
1.22λ

NAcondenser +NAobjective
(1)

where NA is the numeric aperture and is given by η sin θ, where θ is the half angle of the lens and depends on the
refractive index and η is the refractive index. λ is the wavelength of light.

If we assume that we do not back illuminate then the condenser and objective optical components are the same
and Eq. (2) reduces to

R =
0.61λ

NA
=

0.61λ

η sin θ
(2)

The practical limit for θ is about 70◦ that constrains NA to be less than about 0.95.
We can consider the resolution for different values of NA and different wavelengths as given by Table III

TABLE III: Resolution (in microns) for different values of NA and λ.

λ (nm) NA=0.25 NA = 0.5 NA=0.95

200 [UV] 0.5 0.2 0.13

300 [UV] 0.7 0.4 0.19

400 [Violet] 1.0 0.5 0.26

500 [Blue/Green] 1.2 0.6 0.32

600 [Orange] 1.5 0.7 0.39

700 [Red] 1.7 0.9 0.45

800 [IR] 2.0 1.0 0.51

B. Digital Resolution

The digital resolution P is given by R/2. Hence Table IV summarises the pixel resolution requirement for a
microscope. The different magnifications related to different NA values also depend on the coatings used for chromatic
aberration correction. A guideline taken from Olympus2 is that NA=0.25, 0.5 and 0.95 approximately correspond
to ×10, ×20 and ×40 lenses with different coatings, respectively. Thus a ×10 magnification is required to cover the
1µm resolution requirement for any given visible wavelength for a plan achromat lens (NA=0.25) using a sensor with
10µm pixels. A plan apochromat lens (NA=0.95) would require a magnification of about ×4 − 5 to achieve this.

TABLE IV: Pixel resolution (in microns) for different values of NA and λ.

λ (nm) NA=0.25 NA = 0.5 NA=0.95

200 [UV] 0.3 0.1 0.07

300 [UV] 0.4 0.2 0.10

400 [Violet] 0.5 0.3 0.13

500 [Blue/Green] 0.6 0.3 0.16

600 [Orange] 0.8 0.4 0.20

700 [Red] 0.9 0.5 0.23

800 [IR] 1.0 0.5 0.26

2 http://www.olympusmicro.com/primer/anatomy/numaperture.html
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C. Camera and lens selection

The choice of camera is made in conjunction with the choice of lens (and lens coating) as refractive index of material,
choice of coating to mitigate image aberration and the lens aperture all factor into the decision. See the previous
sections for discussion in terms of the numerical aperture and how this affects the resolution as a function of the
wavelength of light to be used to image the sensor. The magnification of the lens required is such that a 1µm feature
is resolvable within the space provided by a pixel of the camera. For example a 1µm optical feature is resolvable with
a camera that has a pixel size of 5µm with a ×5 magnification. Table V lists the cameras under consideration. The
lens cost depends on details, but typically one can expect a cost between £100 and £1000.

TABLE V: Camera specifications.

Specification Ximea

Model MQ042CG-CM

Cost 1420

BW/RGB RGB

Resolution (MPix) 2048 × 2048 (4.2)

Pixel size (µm) 5.5

ADC (bits) 10

DR (dB) 60

Optical Size 1”

Sensor Size/diag (mm) 11.3 × 11.3/15.9

FPS 90

Max Power (W) 1.8

API L, M

Connector USB3

Lens mounts C and CS

Lens Magnification Required ×5 − 10

III. COST ENVELOPE

The cost for a system ranges between £15,320 and £7,126. Such a system would include control systems to drive
2 axes, an x− y stage either from a 2 axis system or two linear axes a digital camera system and optical lens. There
are ancillary mechanical components that are not inclued in the bill of parts listed here, and the software needs to be
developed from the drivers in some technology.
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Appendix A: Lighting options

There are several lighting options that are relevant for a dedicated semiconductor vision system:

• White light: Can be used to make colour or black and white images of sensors. The default system should be
an RGB camera acquistion, where one can simply desaturate the image to convert to grey scale. Metrology
or feature finding is expected to be more reliable using the greyscale image if one applies pattern recognition;
CNNs may be able to deal with the colour depth in a more appropriate way and that should be investigated.

• IR: Can be used to inspect metalised layers in ICs fabricated on silicon; this may be a useful QA tool and
will require illumination that will permit penetration of the substrate, to see IR reflection from the metal. IR
imaging can also be used to understand heat sources and distribution from a device; for example chips that are
being operated. Regarding the latter one should note that there a subtleties in the design paradigm that must
be addressed for IR camera imaging. One of those is to note that it is very easy to observe the reflection of the
camera when taking an IR image of an object. The item being studied should (where possible) be imaged in a
way that would minimise the background from the camera if one wanted to perform QA.

• UV: Can be used to inspect sufaces for possible contaiminants: check up on this; but from memory some organics
can be detected under this light source; check hydrocarbon response spectrum.

• R, G and B lights; will provide different levels of information about the sensor as the underlying silicon has
different absorption probabilities for these difference wavelengths. This is something that should be investigated;
use filters attached to the white light LED source.

Appendix B: Imaging

The camera used for imaging should nominally be RGB so that desaturation of the image will permit greyscale
and colour images to be displaid. In order to image systmes under a particular light we assume to first order that the
white ring light will have a filter fitted to focus on a particular wavelength region. This may permit different features
of a sensor to be picked out when scanning an object (something to be deteremined). The case of imaging using an
IR camera is something that will require some thought. If we only ever worry about relative temperature differences
then this is straightforward – but if we worry about an absolute scale measurement then we would need to worry
about a number of things in detail.

The scoping for use of an IR camera is not a priority at this stage – however we should be mindful to design a
system that could be converted for IR camera use in the future should that become relevant.


