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Abstract: As an imaging system, scanning electron microsc(fpEM) performs an important role in
autonomous micro-nanomanipulation applications. kVhecomes to the sub micrometer range and at high
scanning speeds, the images produced by the SEMo@g and need to be evaluated or corrected Hedack

In this article, the quality of images producedayungsten gun SEM has been evaluated by quargityie
level of image signal-to-noise ratio (SNR). In arde determine the SNR, an efficient and online itwsimg
method is developed based on the nonlinear filgetising a single image. Using this method, the ityuaf
images produced by a tungsten gun SEM is monitatetifferent experimental conditions. The derivedults
demonstrate the developed method’s efficiency inRStuantification and illustrate the imaging quality
evolution in SEM.

Introduction

Vision-based control, also known dsual servoing, refers to the use of image information in ordecontrol
the motion of a robotic device. This technique ug®simages acquired from a vision sensor to etz
information reflecting relative spatial positiontiyeen the camera and the robot (Hutchinsoml., 1996;
Chaumette and Hutchinson, 2006). In the recentsyehas become very popular especially in thil faf
robotic manipulation due to its ability in produgimccurate and robust control. This has encouraggaly
researchers to extend this technique to micro-reh@sn order to solve various problems associavet
micro-nanomanipulation. Basically at this smalllscé 10 pm), manipulations are often performechgis
scanning electron microscope (SEM), a transmissiectron microscope (TEM) or an atomic force micopse
(AFM). With its ability of producing images at highagnification in real-time, a SEM is always fauibi@Es an
imaging tool for automatic micro-nanomanipulatigpbcations.

In general, visual servoing control strategies\aiecity-based and require a minimum frame ratakafut 20
Hz. This corresponds to a very high scan rate coeap® the normal operation of SEM. Moreover, tdgen a
vision-based micromanipulation task using SEM, ar@n requirement is that the captured images ateeto
noiseless and the details present in the imagekigineenough to be exploitative. Unfortunately, tuise level
is critical in a SEM, especially at high acquigiti@tes. Each step during the image formation m®eadds noise
which arise the difficulty in understanding and diémg the final image noise. Practically, noiseiagon can be
determined by acquiring images with varying scametiper pixel. If this time increases, the levels@nal
increases as the beam will spend more time atahe&plar location. However, with an increase ia fitan time,
the time to capture one frame increases which fsanoacceptable constraint for high speed visualogey
applications. So, in order to perform a visual egrg-based micromanipulation task, it is mainly uiegd to
monitor the acquired final image quality until teerall task is accomplished. This monitoring pssckas been
given the major attention in this paper.

In order to estimate the image quality, the primeeguirement is to identify the type of final imageise.
Reimer (1998) provided a detailed description oMS&nhd pointed out the fact that the noise addedtdube
primary electron emission is shot noise and growprioportion to the useful signal. It is added daette
fluctuations in the count of emitted primary bedectons. This type of noise follows Poisson disttion. For
SEMs with thermionic guns, this shot noise is m@in et al., 2004b). Timischkt al., (2012) have described
five sources of noise in a SEM: primary emissiopcomidary emission, scintillator, photocathode, and
photomultiplier. They have showed every noise gpoad to quantum fluctuations and can be modeled by



Poisson statistics. However, many works assumetiteatoise added by the detection system is nétgigsim

et al., 2004b; Goldsteiet al., 2003). Mulapudi and Joy (2003) have showed engllyichat in a thermionic gun
SEM, final image noise follows Gaussian statisbas not Poisson statistics. In order to generateiali SEM
images, Cizmar et al. (2008) have considered tieafibal image noise is an addition of a Poissatrithution
representing primary emission and a Gaussian loigioin representing the others types of noise e SEM
(secondary emission and electronics). &mal., (2004a; 2011; 2012) have studied the final norse&SEM
images. They assumed this noise is additive wiiteerand have developed many methods for estimatiage
signal-to-noise ratio (SNR) based on image croseeladion. Since these previous investigations terea
ambiguity in selecting the type of noise, in thisrly we first study the final image noise.

To assess the quality of acquired frames, image B&fRbeen selected as an evaluation parameteis iwvaink.
SNR is a commonly used term in the field of sigmadcessing to differentiate or to estimate the ll@faoise
present in a recorded signal (B&sal., 2004). In general terms, it is defined as the ratt desired signaf over
background noise and is given by Equation (1).

SNR = 10logy, (e D) [qp) )

variance (n)

So far in the literature, many research works hgre@osed various methods using two SEM microgrémhthe
computation of SNR using auto-correlation technigbeank and Al-Ali, 1975; Erasmus, 1982). The main
drawback associated with these methods is thedadbaired images are to be perfectly aligned andbiained
by scanning the same specimen area. In additieg,rdquire long processing time and are complertegrate
and use with real time systems.

This work has been performed to monitor the imagelity during an automatic vision-based micro-
nanomanipulation task. In this paper, we presaiple and fast SNR estimation method using a siimghge.
An estimate of the image noise to use with the ibgezl method has been computed using non-linediabpa
filtering. As the overall processing time is les® developed method can be used with real timéicapipns.
Using the developed method, the image SNR of astendilament gun SEM has been monitored duringuar
experimental conditions that includes varying stiares, magnifications, operating time and deviceufoas
well as during an automatic hanopositioning task.

Materials and Methods
Experimental set-up

The main set-up used for the experiments is showfigure 1. It consists of a JEOL JSM 820 SEM pped
with tungsten filament gun, a conventional Everfldrbrnley SE detector, an image acquisition sysei8S5
from point electronic GmbH), a SEM control computetel Pentium 4, CPU 2.24 GHz and 512 MB of RAM)
and a work computer (Intel Core 2 Duo, CPU 3.16 Gatd 3.25 GB of RAM). The accelerating voltagetfa
SEM varies from 0.3 kV to 30 kV and the magnificativaries from 10x to 100,000x. The maximum allolab
electronic working distance is 50 mm. The commuiacabetween the two computers is accomplishedguain
client-server model. The server program runs frosm SEM control computer that is interfaced with SEM
control electronics and the image acquisition systelhe image acquisition system is mainly resgadadior
sending the scan parameters to SEM and to acdngirddta coming from secondary electron detectderLlthis
data is amplified, digitized by a 4 x 12 bit A/Dra@rter (DISS5) and saved as an image in the seoraputer.
The acquired image is then transferred to the clieer TCP/IP where the process of monitoring tgiese.
The SEM chamber is also equipped with three degoédseedom (xyz) piezoelectric positioning platfor
(TRITOR 100 from Piezosystem Jena GmbH). It carvidea motion up to 100 um on all the three axdh wi
resolution of 0.2 nm in open loop. Different axdshis piezo positioning platform are controlled the NV
40/3 piezo voltage amplifier. For visual servoiagks, the platform control voltage values are feansd to the
NV 40/3 from the work computer via RS-232 (seriaitp

Study of final image noise
As mentioned, noise sources are numerous in SENiimgaand each contribute independently towardditia

image formation. At the first hand, there are randiatistical fluctuations in the primary and setamy electron
emissions which produce shot noises independent fnoe pixel to another and depends on the mateeial



used for imaging. Generally this type of noises§ats the Poisson statistics:

f@) = Lo e

where,A the number of occurrences of the events and lpeisnean signal level. However, if the mean number o
events is large enough (n >10), the Gaussian ldisitoh is a good approximation for the Poissonridhigtion.

On the other hand, we have also noise added yetieetion and recording system. Apart from thisseés also
added by the photomultipliers where they emit seigeal even in the absence of original signal. Tiuse is
due to the thermal fluctuations in the photocathddfmon considering all these noises, the final ienagisen(x,

y) at the pixel (X, y) is a result of superpositiohall these partial noises. Under the centraltlimeorem this
final noise can be approximated with Gaussiansitedi (Bovik, 2010).

Developed method for SNR quantification

From the above study, we assume that the finalisejimageg (x, y) of silicon microparts sample shown in
Figure 2(A) is formed by the addition of additivéite noisen(x, y) to the original noise free imag&x, y).

gx,y) = f(x,y) + n(xy) ®)

As an initial step, the contrast of the image imstgd using histogram equalization. This is oflaas most of
the present day microscopes come with an integnatedule to perform this task during image acquiniti
Next, the median filter mask of appropriate sizedkected based on the amount of blurring andota amount

of processing time taken. The amount of blurring baen computed by calculating the mean squared err
(MSE) between the original image and the filtemadgef (x, y) given by Equation (4) (Boset al., 2004).

MSE = -3, 3 (FGoy) - Fe )’ 4)

where,M andN are the image dimensions. In order to acceleteg@verall process, a fast sorting algorithm is
used in developing the median filter. Now, the gsato filter g(x,y) by applying the median filter to find a
closest estimatg(x, y) of the noise free imagéx, y). Thus

f(x,y) = median{g(s,t)} ®)

where, (s, t) are the local filter neighborhood pixel coordinasetected from the acquired image. Figure 2(B)
shows the filtered imagg(x, y) of Figure 2(A). In turn this filtered image is $tdrted from the original image
to produce a noise image(x,y) given by Equation (6). Inverted version of theseoimage (black regions
correspond to noise) is shown in Figure 2(C).

n,y) = gy — f(xy) (6)
From the noise image, it is clear that the sliglgess of microparts (can be treated as signal)lsoeaqpeared in
the noise image. Since, estimating the noise usisggle image is under constrained, it is diffical estimate
the accurate noise level by filtering. Howevernhgmavorks have pointed out this problem and propassde

solutions to tackle this issue (Tai et al. 200&)c8& this work is mainly aimed at performing quitknitoring of
image quality to assist the final visual servoiagki, we do not consider estimating the accurateuatraf noise.

Finally, using the estimated noise free imgie,y) and noise image(x,y), the SNR is computed using
Equation (7) obtained from Equation (1).

SNR = 20logy, (@) [dB] ()
n(x.y)

where,c = vvariance, 05,y andoy,,) are the standard deviations of filtered and norseges, respectively.

Experimental samples and conditions

All the experimental codes are programmed in C+é are executed from the work computer. The micro-



nanostructures used for various experiments anécébd in the micro-manufacturing center at FEM3D-
The sample used for the noise study, scan timenifigagion and focus experiments is a gold on sitienicro-
scale calibration pattern (Marturi, 2013) containmultiple chess grid regions with squares randiom 25um
down to 1um per side. All the experiments are conducted uam@perture size of 50 um, 10 kV accelerating
voltage, at 1000x magnification. The magnificatitest is a completely automated process where the
magnification values are transferred to the DISRiak from work computer via image server. The
magnification is digitally changed by varying theesof the scan length on the sample. The drifieoled at
high magnifications has been corrected automayiesing the method presented by Mareiral. (2013b). For
focus experiment, the DISS5 image acquisition sysised for this work provides a simple controltfee focus

by linking the objective lens focal length with eries of focus steps (i.e. each focus step modifiesfocal
length to get a focused image). The focus stepsvared automatically and more details can be foimd
(Marturi et al., 2013a). The images are acquired with a scan ¢fr&0 ns for both magnification and focus
experiments.

For monitoring the image quality in real-time tlagple used is a silicon wafer containing the micuzsures of
dimensions 6 um x 6 um x 2.5 um (Figure 2). Thegevaesigned to be assembled by their respectivieddes
grooves (without using any external adhesives)otonfthree dimensional structures (Dembeti@l., 2012).
These type of 3D structures can be used for bgjldomplex micro-electro-mechanical systems (MEMS).
this test, the magnification used is 5000x, acegileg voltage is 10 kV, scan time of 360 ns andtape size of
30 um. The sample used with automatic positionkgeement is the silicon micropart (Figure 3) ofrginsions
10 um x 100 pum x 20 pm. This experiment has beeduwated in order to characterize the surface ssfrof
the micropart. For this test the images are acduinsing an accelerating voltage of 10kV at 1000x
magnification. For all the experiments, the SEMosetary electron images of dimensions 512 x 512Ipiaee
used.

Results

Study of the final image noise

This test has been conducted to study the finayjgmeise with fast scan rates. It is performeddnuaing the
images of calibration pattern at different scanesnand by computing the noise distribution withisirgle

region (Figure 4(A) and 4(B)). The scan times ugedhis test are: 180 ns (least possible with system) and
360 ns. Two plain image regions are selected foh @mage where one region contains only gold aedother
contain only silicon. Figure 4(C) to 4(F) show thtensity histograms along with the fitted disttibns

(Gaussian and Poisson) for gold and silicon regatrifferent scan times.

Filter size selection

The artificial noise free and noisy images (Figuséa) and 5(B)) of gold on carbon generated by rAggen
library (Cizmar et al. 2008) are considered fos thurpose. It is a library provided by the Natiolmatitute of
Standards and Technology (NIST) to produce adifiSIEM images with varying noise. The additive &aan
noise with a standard deviation equal to 0.07 reenbadded to generate a noisy image. The MSE betwee
original image and noisy image is found to be 100The computed MSE values along with the totatessing
time taken using different filter sizes are summediin Table I. The plots shown in the Figure 6(@&\B(D) are

the intensity values of the original image ancfiid image along the horizontal line shown in tigeife 5(A).

Precision testing of the developed approach

The precision of the developed method is testeddiryg a noise free image (Figure 5(A)) and by qaiing
it with a known amount of noise (SNR). Later theRSialues of the corrupted images are computed ubing
proposed method and are compared with the knowresallable Il summarizes the computed values alotig
the percent error between the filtered image aadtlginal image.

Quality monitoring with respect to scan time

Initial tests are performed to evaluate the imaggdity with a change in the scan time. It is a viglbwn fact
that the SNR increases with increase in scan tirhé experiment has been performed in order to dast
support this statement. Nine different images oldgon carbon sample (at 30,000x magnification) and
calibration pattern (at 1000x magnification) argced with varying scan times. Figure 7 shows rémult of
monitoring process.

Quality monitoring with respect to magnification
The second tests are performed to monitor the SiRugon with change in magnification. For thisttes



images of the calibration pattern are acquiredifermagnifications ranging from 250x to 1000x watlstep of
10. For each magnification one image is acquiratitae SNR is computed directly at the time of asijoin.
Figure 8 shows the evolution of the SNR with respeoagnification.

Quality monitoring with respect to focus

In this test, the images of the calibration pateme acquired for a series of focus steps (chamémcus) and
the image SNR has been monitored. Figure 9 showvvdhiation of SNR along with image sharpness with
change in the focus steps. The maximum of thepsless curve provides the best focus position. Irertést
the image sharpnesshas been computed using normalized variance séssgnnction given by Equation (8)
(Marturi et al., 2013a).

11 2
S=——— 9(x.y)— ®
YRRy )
where,M andN are the image dimensionsis the mean intensity of the imag(x,y) given by Equation (9).
1
= X,
v ;%9( y) (©)

Quality monitoring with respect to time

In this test, the SNR quantification and image tyahonitoring is performed with instrument opecaal
time. The total operational time selected is 45ut@n. As the overall operating time is larger, specimen
surface is connected to the mounting plate usiogpger conductive tape to remove the accumulatactheton
the sample surface. Total time taken to acquiessfier and process a single image is about 40&eaitinds.
The obtained SNR values during this test are plated shown in the Figure 10. The output data kes fitted
using polynomial fitting in order to see the acttedponse.

Quality monitoring with respect to time during nanopositioning

The characterization of an optoelectronic micragtire is now considered. The structure is arranged
horizontally on the platform, the vertically dispasprobe comes into contact with the structurestorate its
stiffness. The structure must be positioned momirately and quickly as possible under the prolhe Best
solution is to use the images provided by the S&lschieve the control of the platform. But if thgmal level is
not high enough, so the SNR high enough, it wilt he possible to measure the information neceskary
accomplishing the task. Monitoring the SNR of imgghould allow avoiding using the images that dohawe
the level of SNR required. This required level Vi determined after performing visual featureastion tests
at different experimental conditions and is notdssed in this paper. The experiment starts atitdvilization
about 40 minutes after the ignition of the SEM.uf@11(A) and 11(B) show the reference and initizdges.
Figure 11(C) to 11(E) shows the error during thektand Figure 11(F) shows the final error or fineghthe
positioning task. The positioning error is computati compensated by the visual servoing contrakesjy
(Marturi, 2013). The corresponding evolution of B8R of the images for each iteration is showniguie 12.

Discussion

After analyzing the intensity histograms and fittdidtributions (Figure 4), it is clear that any thie two
distribution curves (Poisson and Gaussian) do fotdrrectly with the real pixel intensity distritbons.
However, Gaussian distribution seems to providéebdit than Poisson distribution which can be dieaeen
with the intensity histograms especially with silicregions.

From Table I, it can be seen that filter size b ®stablishes a good compromise between accuracine
of SNR computation with the current setup. Withtheo experimental setup, the choice may vary. Upsting
the precision of the developed method in estimatimg original SNR, the mean variation of the en®or
comparatively less for 5x5 filter (Table 2) and gercent error is less than 10 in most of the césik a filter
size of 5 x 5). However, with high amount of nais¢he image (especially for SNR < 12 dB) the petasror is
more than 10. This is mainly due to the inabilifyneedian filtering in the presence of high amouhbaise. In
fact, a median filter is able to remove noise i@ timages only if the noise pixels are less thant@igof its
neighborhood. This is the reason why a 3x3 filt@vjles poor error and a 7 x 7 filter provides éeérror than
a 5 x 5 filter (for some conditions). However, frolne performed experiments with our system, itleen found
that the SNR level is more than 14 dB in all cases.



Monitoring the SNR with respect to scan time haamngified a result known qualitatively, namely that
increasing the dwell time leads to an increas@énSNR of images. The obtained results make thar ¢le., the
image quality increases with increase in the dtuele. This phenomenon can be explained as thahthease
in dwell time reduces the overall raster rate amteases the amount of time the beam spends atieufza
location. Because of this, the electron count medrat the detector increases subsequently imaydakiamimage
quality. Besides, to control a robot using visus¢dback high frequency acquisition rate is requited is
possible only by using a lowest dwell time. We milngtrefore ensure that the dwell time selected igesva
sufficient level of SNR.

The evolution of the SNR with respect to magnifmatis a nonuniform decreasing function. With an
increase in the magnification, since the size efrtionitor (image) is fixed, the size of the scaads narrowed
and the surface corresponding to scan a pixel esdutherefore, the area of the gold region thavelgt
participate in generating the dominant quantityonfjinal signal reduces due to which the SNR reduddis
phenomena mostly depends on the material of thelsamsed for imaging.

The results obtained by monitoring the imaging yalith respect to focus show that the SNR |ewalies
simultaneously with image sharpness. This phenomenan be explained in two ways. The primary onevith
a change in the focus step (working distance)sthe of beam interacting with the sample surfacéesaAt the
point ofin-focus, the current density is high resulting in morensigfrom the sample improving the SNR. The
second one is, with a change in the focus, thd leveriginal signal details present in the imageies. At the
point out-of-focus, noise level is predominantly more than that &f signal level, e.g. at the initial steps of the
sharpness curve, the images are completely datkioomg no image details other than noise.

There are two aspects in the evolution of imag&k SNer time: a random aspect and a dynamic aspect.
The first aspect is due to the inherently randotuneaof the noise as well as electronic signal. $&eondary
electron emission from the interaction of the priynalectrons with the electrons of the atomic clarda
sample surface is a random phenomenon. The sespadtas characterized by a rapid increase of SINR t
peak for a time of about 500 s, followed by a ragétay to a minimum for a time of about 750 s, and
irregular growth up to stabilization for a timetbe order of 2500 s. This time corresponds toithe taken by
the filament to reach a specific temperature talpce stable number of electrons. As a resultréég@mmended
to wait at least 40 minutes from the ignition ofMI820 before starting an experiment. The successful
implementation of nanopositioning using image femdb (Figure 11) confirms the validity of this
recommendation.

Conclusion

The SEM is by far an important tool for producingtie images with high resolution. Today, the trésmdbo use
the SEM as a vision sensor for performing robotenipulation of microstructures. In this case theested
scene is dynamic and requires fast image acquisiBut electronic imaging is by far known for its
sensitivity to the scanning frequency i.e., a Higlguency of acquisition leads to low quality image
In this case, it is necessary to analyze the inmgdity beforehand. In this papene have developed a
method to quantify the level of image SNR. It isé@d on image non-linear filtering in the spatial
domain and can be used in real time for quality itodng. Using the developed method, image
guality of a tungsten gun SEM has been monitavitid respect to the following parameters: scan fime
magnification, focus and operational timEhe main lesson that can be drawn from these ewpets is the
instability of the SNR: it varies randomly and ghealepending on time as well as magnification. Hnalysis

of the average change over time revealed two phasethe first phase, the ratio increases and @dsee
suddenly. It corresponds to the rise in temperabfirhe filament. The second phase is a slow grgwahthe
ratio that corresponds to a temperature stabilitthe filament over time. The great merit of thisnkw done
allows the quantification of the instability of SEaging. In the future, the method will be appltedwo other
types of SEMs (a LaB6 gun SEM and a FEG SEM) tdysthe evolution of the SNR of their images.
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