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In this experiment we acquainted ourselves with the functionality of a scanning electron microscope and its utility
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for generating high resolution gray scale images and elemental maps, as well as X-ray spectroscopy. We used the SLM’s

Everhart Thornley and inlens detectors at acceleration voltages of 5 keV and 15 keV to image a Silicone substrate and
the Silicone-Germanium crystals which were grown on it and compared the results. Using these images we calculated
the height of the Si-Ge crystals to be A = 51(8) nm. With the SLM’s EDS detector we analyzed the X-ray spectra of

the substrate and the crystals and created elemental maps.



1. COMPARISON OF GRAY SCALE IMAGES

INTRODUCTION

The way of modern electron microscopy was paved by Man-
fred von Ardenne 85 years ago, with the invention of the
first scanning electron microscope that was able to pro-
duce high resolution images of studied specimen. In this
lab, instead of looking back and analyzing how it all be-
gan, we will rather explore the basic scope and working
principle of a modern scanning electron microscope and its
detectors. To do so, we utilized the high-end » ZEISS Gemi-
niSEM 500«, with a maximum resolution of 0.6 nm at 15 kV
acceleration voltage [Car]. We will use it to analyze a sam-
ple of nanostructures (see [Zhe+12]) consisting of single-
crystalline (Si,Ge) islands grown on an Si substrate. Each
island satisfies the geometry of a frustum of a pyramid with
square base. Analyzing the sample, we will acquire high-
quality gray scale images of the islands from both the In-
lens and Everhart-Thornley detector, obtain X-ray spectra
produced by the incident beam and spatially map the com-
position of the sample!. All tasks were carried out at 5 kV

and 15 kV acceleration voltage and yielded results for the
mean height and the chemical composition of the islands.

1. COMPARISON OF GRAY SCALE IMAGES

At first we will compare the gray scale images we obtained
by using the Inlens and Everhart-Thornley detector. The
images are illustrated in Figure 1 and were achieved after
we underwent the instructed steps in [Par+16] with addi-
tional advice from our supervisor Dr. Eljarrat. The first
comparisons we are going over will involve the influence of
the beam energy on the resulting image.

1.1. BEAM ENERGY INFLUENCE ON INLENS DETECTOR

Looking at the acquired images with the Inlens detector we
notice a decrease in noise and deterioration in resolution
when lowering the acceleration voltage from 15 kV in Fig-
ure 1d to 5kV in lc. We only note the reduction of noise
here and discuss it in section 1.3. The observed behavior

Figure 1: Acquired gray scale images from the Inlens and ET detector at 50k magnification and aperture of 20 pm with
different acceleration voltages: (a) ET at 5 kV, (b) ET at 15 kV, (c¢) Inlens at 5 kV and (d) ET at 15 kV.

I Therefor we use a Bruker Quantax EDS system with a 30 mm? Xflash 6-30 silicon drift detector.



2. HEIGHT DETERMINATION

of the resolution can be explained by considering which
kinds of secondary electrons (SE) the Inlens detector is
effectively measuring and how their emerging position
changes with different beam energies. As stated in [Par+16]
(see Section »2.3.2 Detectors«) and [Gol+18] (see Section
»14.3.3 "Through-the-Lens” Detectors«)!, the Inlens detec-
tor is very efficient in collecting SE that emerge close to the
beam because of the small action radius of the electrostatic
lense the GeminiSEM 500 is using. If we are using the
maximum beam energy of the SEM, the interaction volume
(Figure 2.4 of [Par+16]) will have maximum lateral spread.
Because the collected SE1 are still generated at the position
the beam impinges the sample, the spread of the interaction
volume will diminish the contribution of the SE2. When the
ratio of collected SE1 to SE2 increases the resolution will
also increase because SE1 retain high resolution informa-
tion at the scale of the beam entrance footprint. Thereby
higher beam energies will result in higher resolution images
for the Inlens detector with the caveat of noise mentioned
in section 1.3.

1.2. BEAM ENERGY INFLUENCE ON ET DETECTOR

Going on with the images at different beam energies for the
ET detector we notice a decrease in noise and an improve-
ment in resolution from 15 kV in Figure 1b to 5 kV in 1la.
This observed improvement is smaller than the deteriora-
tion of resolution in the previous section. The ET detector
detects all kinds of SE as well as BSE (see [Par+16] Section
2.3 and [Gol+18] Section 14.3.1). Which makes this detec-
tor subject to the degraded spatial resolution of the SE2,
SE3 and BSE at a higher beam energies. As mentioned in
the previous section the increase in the interaction volume
for higher beam energies will cause the SE2, SE3 and BSE to
emerge at distances outside of the dimensions of the focused
beam footprint and thus degrading the spatial resolution of
these measured electrons. On the other hand if we lower
the beam energy as suggested in [Gol+18] section 14.4.4
»High Resolution SEM Imaging« the collected electrons by
the ET detector will contain more spatial information. This
means that for the ET detector a lower beam energy yields
better image resolution.

1.3. NOISE PERFORMANCE

Clearly visible all images shown in Figure 1 contain a cer-
tain amount of noise. We observed in section 1.1 and 1.2
that with lower beam energy the noise decreases. This can
again be explained via the dimension of the interaction vol-
ume. Because the SE1 are generated on the position of
beam impingement, they contribute the most amount of
local topological information. The SE2, SE3 and BSE on
the other hand ”average” out the topological information
over a bigger area on the scale of pm and create noise that
is dependent on the interaction volume. Because the ET

Tt should be mentioned that in this resource the authors are talk-
ing about an SEM with magnetic immersion lenses also mentioned in
Section 2.3.1 of [Par+16]. The GeminiSEM 500 uses an electrostatic
lens that collects SE1 and SE2 close to the primary beam as well.

detector is more sensitive towards these electrons, the de-
crease in noise is very noticeable when going from Figure 1b
to Figure 1a.

1.4. DETECTOR EFFICIENCIES COMPARED

Comparing the images acquired through the Inlens detec-
tor in la and 1b with the ones acquired by the ET detector
in 1c and 1d the difference in resolution stands out. The
Inlense detector yields a far better image for the analysis
of topological information on this scale hence we are going
to use it in the following sections for the height determina-
tion of the islands. The Inlens detector achieves this better
resolution because it collects a bigger fraction of SE1 than
SE2 whereas the ET detector is collecting a bigger fraction
of all other kinds of SE2,SE3 and BSE than SE1. The Inlens
detector therefore "filters” out the signal degradation that
is inherent to the SE that are not SE1.

2. HEIGHT DETERMINATION

In this section we’ll present how we used the images we
acquired with the SEM, to approximate the height of the
frustums. For this we worked with images acquired with
the inlens detector at a 15 kV voltage, as that resulted in
the best images. The height can be calculated by measuring
the horizontal distance [ of the edges of the island to the
top facet and assuming an inclination angle of § = 55°.
With this the height can be calculated using the following
formula.

h=1 tand (2.1)
h
0
—
(a) Position of the (b) Crossection of the
crosssection frustum

Figure 2: Depiction of the assumed geometry and
measured distances

In order to measure the distance [, we first had to rotate the
images! such that the edges of the islands were as parallel
to the respective horizontal and vertical axes of the image
as possible. This was done for the entire image as a whole,
so every island was rotated by the same angle ¢, which was
approximately 50.6°. Ideally this process would have been
repeated for each island individually, as there could be some
variance in the islands’ orientation. We then manually cut
out, what we perceived to be the top facet of the frustums,
such that the alpha channel of the image has a value of 0 at
the places of the top facets and 255 everywhere else. For ap-

Ithe initial image processing was done using Gimp 2.10.14



3. SPECTRAL ANALYSIS

Figure 3: SEM image before (left) and after (right)
rotation

proximating the position of the top facet, we used the fact
that the brightness of the image should ideally have a local
maximum at convex edges, as explained in [Gol+18] page
151 onwards. This happens because the surface area imme-
diately around the incident beam is maximized, increasing
the volume of SE; electrons. After this, every island was
cut out and saved as a separate image.

Figure 4: Example of a cut-out frustum

Now we used the alpha channel of these images to measure
[, by counting the pixels between the middle of each edge
of the image and the top facet. This was done by extract-
ing the alpha channel of the image as an array using the
Python library imageio, followed by applying a filter in the
form of another array, which has half a row or column of
ones in between the center of the image and the edge from
which we want to measure [ and zeros everywhere else. Cal-

(a) Alpha chan-
nel of frustum

(b) Filter

(c¢) Result

Figure 5: Example of measurement process for the left side

culating the sum of the resulting array and dividing by 255
returns the amount of pixels between the edge of the im-
age and the rectangle representing the top facet. To get
[ we then had to multiply the amount of pixels with the
pixel-size, which for each image is 1 px = 2.215 nm?. With
the chosen model of the frustums as one rectangle inside
another, these four lengths completely describe the geom-
etry of the images. This process was applied to a total of
80 islands extracted from three separate images. Since it is
possible that the substrate wasn’t exactly at a right angle

2As specified in the images generated by the SLM

to the electron beam, there could have been a systematic
error in the length [, depending on the edge from which the
distance was measured. Because of this we first calculated
the mean and standard deviation® of the heights for each
side separately.

Table 1: Arithmetic Mean and standard deviation of
Calculated height h for different sides

left bottom right top
Mean of h [nm)] 51 51 49 53
Standard deviation oy, [nm] 4 4 5 4

The mean of all sides combined turned out to be h = 51
nm, with a standard deviation of o;- = 4 nm. To get an ap-
proximation of the systematic error caused by misalignment
of the sample, we used the maximal difference between the
mean heights uj, s = 4 nm. This was done since a deviation
in the angle of the substrate to the electron beam could
cause such differences. Since there is an absolute upper
bound for how precise our measurements could be, given
by the pixel size, we also include uj px = 1 pxtanb5° ~ 3
nm in the total systematic uncertainty. We calculated the
total uncertainty in the following way:

up = \/O%-i- (Wh,px + un,s)> =8 nm (2.2)

So the final result of the height determination is as follows.

h =51(8) nm (2.3)

3. SPECTRAL ANALYSIS

For the analysis of the chemical composition of the (Si,Ge)
islands, we had a dedicated Energy-dispersive X-ray spec-
troscopy (EDS) detector at our disposal that is built into
the GeminiSEM 500. We utilized this Bruker Quantax sys-
tem with an XFlash 6-30 detector to acquire spectra of
the Si substrate and of the islands themselves at 5 kV and
15 kV acceleration voltage. We will start by looking at the
gathered spectra for the acceleration voltage of 5 kV.

3.1. SPECTRA FOR 5 KV ACCELERATION VOLTAGE

From the spectra shown in Figure 6, distinguishable peaks
are visible. We found that when performing EDS the count
peaks around energies close to zero are »strobe peaks« that
arise from electronic noise from inside the silicon drift de-
tector [WWO3]. This strobe peak can be regarded as the
spread function of the detector hence we are going to ex-
clude it from Figure 6 to improve visibility of the nontrivial
peaks we actually want to look at.

Figure 7 now highlights these nontrivial peaks of character-
istic X-ray energies that the detector counted. It shows the
spectra of the measurements we conducted on the Si sub-
strate and on one of the (Si,Ge) islands for 5 kV. Looking at

3with a divisor of N — 1
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Figure 6: X-ray energies F counted by the XFlash
detector on the position of an island and on the substrate
itself with acceleration voltage 5 kV.

the spectrum we obtained from the substrate itself, we see
a distinct peak at Fg; = 1.74 keV. This peak corresponds
to the La; transition depicted in Table 2 and 3 of Silicon.
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Figure 7: Spectra from Figure 6 without strobe peaks.
Characteristic X-ray transitions displayed.

Table 2: X-ray transitions relevant for this analysis.

Transition X-ray notation Atomic notation
Loy My — Lg 3D5/2 — 2P3/2
Lﬂl My — Lo 3D3/2 — 2P1/2
Koy Ls - K 2P3/2 — 181/2
Kﬂl Mz —» K 3P3/2 — 181/2

Although the usual resolution achieved in EDS is in the
dimensions of 100 eV [WWO03], it is visible that energies
corresponding to the L3, transition of Si where not counted
as much as the ones corresponding to La;. Attempting to
explain this phenomenon we found that for elements with
18 < Z < 39 (see [SET72] Table I) and for elements with
Z = 47,49,52,55 and 56 (see [Mar+99] Table 2) the relative
transition probability

P(Kfh)
P(KOél)

QA
w| =

(3.1)

We suspect that Silicon with Z = 14 is going to follow this
behavior, which explains why energies corresponding to the
K transition are counted in such little amounts.

Table 3: Values for the X-ray energies corresponding to
the transitions of Si and Ge for Table 2 from [Bru].

Element Transition Energy E [keV]
Si Koy 1.740
Si KB, 1.837
Ge Koy 9.886
Ge KB, 10.982
Ge Loy 1.188
Ge L6 1.218

As we just mentioned the resolution for EDS; it is certain
that we won’t be able to distinguish the count peaks for the
transitions Lay and LB; due to smaller energy difference

E(GeLﬂl) — E(GeLal) =30eV (32)

We confirm this suspicion by looking into Figure 7 at the
peak located at Ege, = 1.205 whilst not being able to de-
termine the distinction between the two transition peaks.

3.2. SPECTRA FOR 15 KV ACCELERATION VOLTAGE

No we will go over the spectra that we obtained as we in-
creased the beam energy with an acceleration voltage of 15
kV. As in Figure 7 we will remove the strobe peaks to in-
crease visibility.

In Figure 8 we see the distinct peaks that correspond to the
Ka; and K5, transitions of Silicon in each spectrum for the
substrate and the island. These have been counted in really
high amounts compared to the energies corresponding to
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Figure 8: X-ray energies E counted by the XFlash
detector on the position of an island and on the substrate
itself with acceleration voltage 15 kV.

the energies for the L transitions of Germanium. We will
look at the plot from Figure 8 with a logarithmic scale. The
logarithmic scale allows us to the see that the resolution at
15 kV is still not good enough to distinct the peaks for Ge
nor Si. But here we have a better view on the contribution
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of the K, transition energies that bulge out the spectrum
for both the substrate and the islands for energies bigger
than 1.7 eV.
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Figure 9: X-ray energies E counted by the XFlash
detector on the position of an island and on the substrate
itself with acceleration voltage 15 kV in log scale.

3.3. COMPARISON WITH RESPECT TO BEAM ENERGY

Comparing the resulting spectra at 5 kV and 15 kV in Fig-
ure 7 and Figure 8 again give us information of how impor-
tant the penetration depth of the interaction volume is.

The X-rays that result from the scattering events inside the
sample are getting measured by the EDS detector. If we in-
crease the beam energy from 5 kV to 15 kV the dimension of
the penetration depth of the interaction volume increases.
This will lead to the collection of X-rays that originate from
deep within the sample. So deep in fact that the fraction of
X-rays originating from the Si substrate is bigger than the
one of X-rays originating from the (Si,Ge) islands. This is
illustrated in Figure 10 where an interaction volume for an
incident beam of 20 keV is simulated.

7553 nm|

15HLA nm

2659 nm

0212 nm|

11040 nm

22000 nm 19000 o 0.1 nm 2200:00m

Figure 10: Simulated interaction volume for a beam
energy of 20 keV. Taken from [Gol+18] Figure 1.8.

The penetration depth is in the dimensions of pm so it
will not surprise us that for 15 kV acceleration voltage the
counts for Si transition energies in Figure 8 is much higher
than the counts for Ge transition energies.

To determine the ratio of Ge to Si in the island we simply

compared the amount of counts in the peaks of Figure 7

because here we have the minimal penetration depth that

would the determination of the chemical composition of the

(51,Ge) islands. With this technique we obtained a ratio of
Si

— =0.28

= (3.3)

It is noteworthy that for higher beam energies we observed
higher energie transitions for Ge noted in Table 3.
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Figure 11: X-ray energies observed for 15 kV acceleration
voltage. Higher characteristic X-ray transitions of Ge
displayed.

Figure 11 shows that through the higher beam energy it is
possible to see transitions that are much less probable. The
Koy and KBy for Ge were not visible in the spectrum when
using 5 kV acceleration voltage.

3.4. ELEMENTAL MAPS

With our EDS detector we were able to spatially resolve
the chemical composition of the sample.

=&

A52 42
Ch1 MAG:50,0kx HV:5kU WD:80mm Px:40 nm

Figure 12: Spatially resolved chemical composition of the
sample at 5 kV acceleration voltage.

Here the argument of the size of the interaction volume
mentioned in Section 3.3 is shown in the lateral way. In-
creasing the beam energy increases the lateral size of the
interaction volume. This will cause the spatial mapping
to be faulty because the information gathered from X-rays
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Figure 13: Spatially resolved chemical composition of the
sample at 15 kV acceleration voltage.

that originated in the (Si,Ge) island could be mapped to a
pixel that is not in the position of an island. This is clearly
visible in Figure 13 as the blue color tints the space beyond
the extend of the islands.

4. DISCUSSION

4.1. IMAGE QUALITY ARE SUBJECT TO SKILL

As we progressed in our endeavor to obtain high quality
gray scale images we got better at controlling the SEM.
The pictures shown in Section 1 are the result of a learning
curve which shows in the first images for the acceleration
voltage of 15 kV with the inlens detector where we struggled
with the focus. Nonetheless as we carried out the instruc-
tions and advises from our instructor we were able to obtain
images of sufficient quality.

4.2. HEIGHT DETERMINATION

The standard deviation of the height turned out to be sur-
prisingly small, as it is not significantly bigger than the low-
est possible uncertainty, given by the pixel size. The true
systematic uncertainty is probably bigger than the one we
used, as big contributions to the uncertainty stem from a
low resolution and contrast in the image, as well as noise.
This made it difficult to discern the edges of the top facet as
well as of the islands themselves. This hidden uncertainty
could have been cut down by using a larger zoom factor
and increasing the exposure time.

We could also have used better methods to detect both the
edges of the islands and their top facets, by further study-
ing the behavior of images obtained using the SEM around
both concave and convex edges and numerically searching
for them. For example by numerically finding local minima
or maxima and cutting the images there. However, for such
an approach a higher resolution and contrast becomes even
more important, as it would be difficult to rectify noise and
slight deviations from the expected form of the data com-
pared to doing it manually. On the other hand it would
make the process of finding the top facet more quantifiable.

With the method of only using one’s own perception it is
hard to say where exactly deviations in the determination
came from, whereas when doing it numerically they could
have been analyzed and maybe even rectified by refining
the algorithm used.

With all these factors combined it is no surprise that the
height of the frustums calculated in [Zhe+12] of 60 nm lies
outside the range of the one we calculated.

4.3. IMPROVING THE RESOLUTION OF THE SPECTRA

As mentioned in [WWO03] the strobe peak in Section 3 can
be used to improve the resolution of EDS. Because the
strobe peak can be seen as the spread function of the detec-
tor via deconvolution it is possible to improve the spectrum
resolution. Applying such an algorithm in our case could
help to distinguish the L and K transitions energy peaks of
Silicon and Germanium.

4.4. DRIFT IN ACQUISITION OF SPECTRA

As we recorded the spectra, the specimen was subject to
significant drift. We recorded images at 15 kV acceleration
voltage to illustrate this.

Figure 14: Illustration of the significant drift the specimen
is undergoing at 15 keV beam energy.

This drift in Figure 14 can cause the spectrum to be faulty
if the drifting distance is bigger than half of the character-
istic base length of a frustum. But because of the size of
interaction volume at 15 kV the spectrum will inevitably
be afflicted with error.

5. CONCLUSION

While preparing and conducting the experiment we learned
a lot about the modern ways of electron microscopes and
their detectors. We learned that the Inlens detector is a
phenomenal tool for imaging nanostructures like the frus-
tums we encountered in this experiment. With the captured
images from the detector we were able to extract the mean
height of the frustums to be 51(8) nm. This value with its
corresponding uncertainty lies outside of the range of the
given value of 60 nm in [Par+16] where we suggested to use
a numeric algorithm that will manage the acquisition of the
data necessary for the determination of the height.

In conclusion the GeminiSEM 500 represent state of the art
technology to analyze specimen regrading their topologi-
cal relief, their chemical composition and spatially resolved
composition.
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