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Scanning Electron Microscopy (SEM) coupled with Energy Dispersive Sperctroscopy (EDS) are two analysis techniques
that are widely used to study all kinds of solid samples, from inorganic to biological. They are used to determine
morphological features of interest at a micron and sub-micron level as well as to study the chemical composition of the
samples in terms of the amount of each element present. Although these analytical techniques are “routine work” in many
research areas, it is not the case of the dental area, mainly because the lack of this equipment in the dental research
institutes and in dental schools. Therefore, in this chapter we show the SEM/EDS techniques applied to human dental
samples when irradiated with a laser Er:YAG to prevent caries. The intention of this work is to show step by step this
analysis showing the key variables to consider when working with this type of biological samples. We explain the SEM
conditions to obtain satisfactory images especially when it is important to follow a sequence of steps of a treatment in-vitro
that changes the morphological structure of the teeth surface. Also, we discuss the EDS analysis to semiquantitatively
determine the elements and their abundance in the dental samples.
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1. Introduction

The study of caries and its prevention is one of the most important topics in dental research since it affects many people
around the world [1-3]. One of the proposed treatments for caries prevention is the irradiation of the enamel surface
with a pulsed laser [4, 5]. This process could lead to morphological and chemical changes of the teeth surface to be
more resistant to caries [6-8]. Therefore, it is necessary to be able to study the enamel surface in terms of its
morphology and its chemical composition with suitable, accurate and reproducible techniques when treated with laser
light. Therefore, in this chapter we show the use of Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) to study the irradiation-induced morphological changes with SEM and chemical modifications
with EDS.

SEM is a characterization technique that is used widely for all types of samples, from hard materials such as metals
and ceramics to soft materials such as polymers and biological tissues. The basic principle is that an electron beam is
finely focused and scanned over the analysis area and signals are produced due to the electron-matter interactions on the
surface of the specimen. Such signals include secondary and backscattered electrons for the image formation and
characteristic x-ray from the elements present in the sample for composition studies. The SEM can give information
regarding the morphology of the surface of the samples at the sub-micrometric level since a point-to-point resolution of
~50 nm is achievable for many common microscopes. The final micrographs look like black and white photographs and
therefore it is very easy for the human eye to understand these images [9].

EDS is a spectroscopic technique that allows the user to determine the presence and relative abundance of the
elements that compose the surface of the specimen under study. The X-ray photons that are produced when an energetic
electron beam reaches the surface are detected and their energy depends on which atom they came from. We can detect
X-rays coming from atoms with atomic numbers higher than 4. Consequently, H, He and Ba are not detected by EDS,
while all other elements of the periodic table can be studied by this technique. However, not only the presence of the
elements can be studied, the composition of the sample can also be determined in a semi-quantitatively way. Although
EDS is more accurate for higher atomic numbers with percent errors of around 0.1%, low atomic numbers (C, N, O) can
also be suitable studied whit percentage errors of ~1-5% depending on the sample preparation and a suitable calibration
for the quantitative calculations [9].

Every type of specimen has to be correctly prepared to obtain satisfactory images and compositions with these
techniques. In this chapter, we explain the sample preparation of human dental samples in order to be analyzed by SEM
and EDS and successfully obtain good-quality images and chemical composition analyses.
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2. Conditions inside the microscope that affect the analysis of human teeth

Samples inside the microscope are subjected to an environment very different from the ambient and will dictate the
sample preparation that is needed depending on the type of material to be studied. We will quickly review the most
important conditions inside the microscope to study human teeth, how they can affect the specimens and what to do in
order to overcome possible problems during the analysis. We also will review the most important parameters of the
microscope and how to optimize them to perform a good analysis.

2.1 High vacuum

All electron microscopes work under low pressure, some with ultra high vacuum, some with lower vacuum. Vacuum is
necessary to ensure that the electrons will travel from the source to the sample without any collision with the gas
molecules inside the chamber and is not a problem with dry solids. However, for biological samples high vacuum is
very destructive since the water inside the tissue quickly evaporates at room temperature due to its vapor pressure
collapsing the specimen inside the chamber. Several methods exist to overcome this problem such as critical-point-
drying, etc. Fortunately, human teeth are almost completely dry and they can withstand medium to high vacuum levels
(10 Pa or higher) without fracturing. Ultra high vacuum causes fractures to appear on the surface and should be avoided.
Therefore, a SEM with the option of low vacuum or an Environmental SEM that works with even higher pressures is
desired.

2.2 Charging due to the electron beam

When a specimen is bombarded with electrons it will negatively charge. If the sample is electrically conductive such as
a metal the electrons quickly dissipate to the ground and there is no effective charge of the sample. On the other hand,
biological samples including human teeth are not electrically conductive and their surface readily charges upon electron
exposure. A very effective way to avoid charging is to coat the sample with a very thin layer (few tens of nanometers
thick) of a conductive material, typically gold or carbon. This layer is mostly produced by ion sputtering.

However, in our case we want to analyze chemically and morphologically the samples during several stages, namely
before and after irradiation, therefore having a pristine surface throughout the whole study is mandatory. To be able to
analyze the samples during all stages without coating the surface we adjusted two variables on the microscope.

The first variable is the electron signal used. There are two types of electron signals that can be detected in a SEM,
the signal from secondary electrons and the signal from backscattered electrons. Secondary electrons are electrons that
have been “ripped out” from the atoms of the sample; these electrons have low energies (lower than 10 eV), they are
collected with a positive electric field and charging of the sample affect heavily the signal coming from these electrons
making very difficult (in some cases impossible) to obtain a good image. Backscattered electrons are electrons that
come from the electron gun and are backscattered by the nucleus of the sample without any inelastic interaction directly
to the detector. They are high energy electrons and the advantage is that charging does not affect as much the signal as
for secondary electrons. For many biological samples using the signal from the backscattered electrons is not enough to
correctly analyze them and other variables have to be controlled.

The second variable we controlled was the vacuum level inside the chamber. We already noted how the pressure
affects biological samples in section 3.1. However we did not mention that at higher pressures there are more gas
molecules per unit volume inside the chamber that can be in contact with the surface of the sample. If this surface is
charged, the negative charge can be transmitted to the gas molecule. This is also a way to dissipate charges from the
surface. Therefore we set the vacuum to the low vacuum mode (30Pa) to help the dissipation of the charges. For soft
biological samples using the signal from the backscattered electrons is not enough to correctly analyze them, however,
for human teeth together with a low vacuum mode it is possible to obtain good quality images with this electron signal.

3. SEM and EDS analysis parameters

In the last section we reviewed the two most important conditions that affect the analysis of human teeth samples inside
an electron microscope. In this section we will review the most important parameters of the microscope during the
analysis and how to optimize them to obtain better results.

3.1 Accelerating voltage

One of the most important parameters in SEM and EDS is the Accelerating Voltage (AV) in the source of the electron
beam. If an AV of 10 kV is used it means that the electrons reaching the surface will have a kinetic energy of 10 keV,
20 kV will produce electrons with an energy of 20 keV and so on. The electron energy determines several important
aspects to be taken into account. At higher energy, the number of x-rays generated per electron inside the sample will be
higher; however, the sample is also more prone to be damaged and for biological samples a low AV is usually used.
Also, electrons with higher energy are capable to penetrate more deeply inside the specimen (several micrometers
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depending on the elements present); this is not desired when superficial analysis is being carried. The resolution is also
affected by the AV, the higher the AV the better resolution achievable.

Again increasing or decreasing the AV leads to several advantages and disadvantages and the analyst has to find the
optimum AV for each type of sample and analysis.

3.2 Angle of the teeth surface with respect to the ground

The angle between the surface of the specimen and the ground is important for both the chemical composition studies
with EDS and the images obtained with the SEM. Ideally the surface of the sample has to be completely parallel to the
ground to obtain focused images and reliable EDS analysis. In the next paragraphs we explain the reason of this
requirement.

First we will explain the importance of this angle for the SEM studies.

Since the electron beam is focused on the sample surface there is a Plane of Optimum Focus (POF) as seen in Fig. 1.
All the features of the sample that fall inside this plane will appear well focused in the final micrograph, however if
there are features (such as asperities, holes, etc.) that fall out of this plane they will appear blurry in the micrograph.
Also, if the surface of the sample is at a steep angle only one portion of the image will be well focused while the rest
will be out of focus.

For EDS analysis, the importance of this angle lies in the arrangement of the detector inside the microscope. As seen
in Fig. 2 the X-ray detector is at a specific angle with respect to the electron beam and the generated X-ray have to
travel from the surface of the sample to the detector without any obstacle in between. If the sample is not flat, the X-ray
trajectory to the detector can be hindered by other features of the sample (Fig. 2a). Moreover, new X-ray can be
generated from these features that are not the ones we are interested in. Again the best sample will be the flattest and the
one without asperities as depicted in Fig. 2b.
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Fig.1 Diagram showing the Plane of Optimum focus related to the topography and angle of the sample.
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Fig.2  Diagram showing the topography and angle of the sample affecting the X-ray generation and detection.
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3.3 Spot size of the electron beam

The spot size is a term used by many microscopists to define the cross sectional area of the electron beam that reaches
the specimen surface. Since the image in SEM is formed point by point as the sample is being scanned a smaller spot
size allows achieving a better resolution. This is especially important when a high magnification (~10000X) is required.
However, when we reduce the spot size, the number of electrons reaching the sample is also reduced. This is undesired
in the case of EDS analysis because we want as much electrons as possible to generate the highest number of X-rays to
have a good composition analysis. Therefore, when taking high magnification images it is advised to work with low
spot sizes and when taking EDS spectra it is better to work with higher spot sizes. This is a parameter that can be easily
changed during the session without having to turn off the equipment.

3.4 Working distance

The Working Distance (WD) is the distance between the exit of the electron beam from the beam column to the surface
of the sample. It is a very important parameter that allows controlling several characteristics of the analysis. First, a high
WD gives a larger POF but the resolution is reduced. On the contrary, smaller WD yield to smaller POF but the
resolution is higher. Therefore the analyst must find the optimum WD depending on the necessities of each specific
analysis.

In the case of EDS analysis the WD is also very important since the position of the X-ray detector is optimized for a
specific WD. In our case the SEM that we used has the optimum WD set to 10 mm. Other equipments may have
different optimum WD for EDS studies.

3.5 Calibration of the EDS spectra

The composition obtained with an EDS analysis is always a semi-quantitative one when there are no composition
standards and the surface is not completely flat and well-polished. This is the case for human teeth and many other
biological materials since there are no “standard human teeth” and the teeth are not usually polished before the analysis.
What we can actually do it to measure the appropriate X-ray intensities for the analysis. The appropriate X-ray will
depend on the type of samples we will study. In our case we chose the signal from Ca because it is the largest signal
from all the signals of our interest. This is necessary because the quantitative analysis makes the assumption that all
measurements for every element in the specimen and the standard are done with identical spectrometer conditions.

4. Experimental procedure

4.1 Sample preparation

Deciduous molars without obvious decay or evidence of fluorosis, fractures or fillings were obtained under informed
consent. Immediately after exfoliation or extraction, they were collected in a 0.2% thymol solution and transported to
the laboratory. The specimens were cleaned with deionized water, traces of soft tissue were removed with a scalpel and
roots were cut when necessary using a carbide disc. They were gently brushed with a soft brush and finally rinsed with
water. The storage was carried out at 4 °C in 0.2% thymol solution before all analysis.

Afterwards, each tooth was rinsed with deionized water and air-dried. Thirty four molars were selected for the study
after showing values between 0 and 13 (healthy tooth) when scanned with a DIAGNOdent® pen (KaVo, Biderach,
Germany). The dental organs were cut to obtain blocks with an enamel analysis square area of 3x3 mm and 2x5 mm
from either the buccal or the lingual surface of the tooth. For this purpose, each crown was fixed with a thermoplastic
epoxy resin to a glass slide placed on a hot plate. The slide was then put on a cutter make a mesiodistal central cut using
a diamond wheel under constant deionized water irrigation. The other cuts were made perpendicular to the buccal or
lingual surfaces, obtaining one or two blocks from each side. Subsequently, the samples were cleaned for 5 minutes in
ultrasonic bath containing deionized water and they were air-dried. Ten specimens were produced for each Group.

In order to analyze the same exact area in each stage of the study a reference point was made on the enamel with a
number 1/4 round carbide bur (Fig. 3). Other strategies can be applied, for example, drawing two lines from the corners
of the specimen and analyze the intersection, etc.

4.2 Laser irradiation

The irradiation of the specimens was performed using an Er:YAG laser system (OpusDuo AquaLite EC, Lumenis,
Yokneam, Israel) in the non-contact mode at a pulse repetition of 7Hz and a pulse duration of 400 psec. The surface
was scanned once by hand with the sapphire tip of the laser perpendicular to it, at a working distance of | mm and with
deionized water irrigation (13 mL/min). Pulse energy, sapphire tip diameter and energy fluence for each group were as
follows: Group 1 was irradiated at 100 mJ with a sapphire tip of 1.3 mm in diameter (7.5 J/cm?); for Group 2 irradiation
was performed at 100 mJ with a sapphire tip of 1.0 mm in diameter (12.7 J/cm®); and finally Group 3 was irradiated at
200 mJ with a sapphire tip of 0.8 mm in diameter (39.8 J/cm®). Ten specimens for a Control Group were also prepared.

© FORMATEX 2014 73



Microscopy: advances in scientific research and education (A. Méndez-Vilas, Ed.)

Reference
“ | indentation

Fig.3 Sample with a reference indentation for location of the area of analysis

4.3 SEM and EDS analysis

The blocks were fixed to aluminum stubs with double-sided adhesive carbon tape (SPI Supplies, USA). Since we
performed the analysis in the Low Vacuum Mode (10Pa of chamber pressure), a conducting coating was not needed.
We made sure every time that the surface of the specimen was parallel to the ground. The morphology of the teeth
surface was observed in a scanning electron microscope (JEOL, JSM-6510LV, Japan) at two different magnifications
(100x and 400x). The following values were used: Accelerating Voltage 20-25 keV, Working Distance 10 mm, Spot
Size (as a percentage given by the equipment) was 60%. As already mentioned, the quantitative calibration for the EDS
analysis was done using the signal from Ca.

5. Results

5.1 SEM

Fig. 4 shows the micrographs of two Group 1 samples before and after laser irradiation at different magnifications
(fluence 7.5 J/em?). It is clearly shown that the area of analysis is the exact same one in the two stages of the study by
observing original features such as microcracks present before the treatment exposed prisms, etc. When the teeth
surface is exposed to laser irradiation, removal of some parts of the material can be seen due to the high laser energy
density.

Fig. 5 shows the micrographs of Group 2 samples before and after irradiation using a fluence of 12.7 J/cm®. As in the
previous case we observed the exact same area each time. However, the effects of using a more energetic laser light are
more pronounced and the surface is more damaged as seen with the formation of more craters and fractures.

Finally, Fig. 6 shows the micrographs of Group 3 samples before and after irradiation using a fluence of 39.8 J/cm’.
This case is different from the last two; the laser energy used was sufficiently high to remove a substantial amount of
material from the surface making it impossible to recognize the irradiated and the non-irradiated area. The real
importance of having a method of locating the same area in every stage of the study is evidenced in the analysis of this
group. Although we cannot recognize any features before and after treatment we are certain that the area of analysis is
the same because of the procedure already explained in section 4.1.

5.2 EDS analysis

Table 1 shows the chemical composition for all Groups. Each reported value is the average value of all 10 specimens
for each group and the standard deviation is included. The analysis was taken from the whole area of the micrographs at
a magnification of 100X. Therefore the area of the analysis was roughly 1 mm?®.

As seen, at higher laser energy, more pronounced changes in chemical composition are produced. In general, the Ca
atomic percentage increases with increasing laser fluence. On the other hand, the content of carbon is drastically lower
at higher irradiation energies; this effect can be explained because laser irradiation provokes extremely high local
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temperatures (thousands of Celcius degrees) and CO, can be formed with oxygen from the environment. Also, oxygen
percentage changes with laser irradiation while the values for phosphorus remain practically constant.

The main goal of this chapter is to show the procedure to obtain god SEM images as well as reliable EDS
microanalysis. If interested in a more complete work regarding Laser Er:YAG irradiation of teeth, the reader is
referenced to published articles from our group [10, 11].

Fig. 4 Micrographs of teeth specimens of Group 1 (7.5 J/em?) before and after irradiation. a) 100X magnification and b) 400X

magnification

Table 1 Atomic percentages obtained with EDS of the teeth surface before laser irradiation BI and after irradiation Al (mean &

standard deviation).

at% Control Group 1 Group 2 Group 3
Ca BI 152+2.7 156 +2.5 15,6 +2.8 129+3.3
Al 14.0+2.1 17.3+1.43 199+25

P BI 102+ 1.4 105+1.4 106+ 1.4 8.8+1.9
Al 94+1.5 11.5+0.9 119+1.5

(0} BI 58.0+6.8 54.7+£6.6 56.6£5.9 60.9+5.3
Al 62.1+3.5 609 +2.4 65.7+3.9
C BI 15.7+7.7 18.3+8.4 16.4 +£8.9 16.7+3.8
Al 13.1+3.3 9.4+3.0 1.5£22

Trace elements BI 09+04 09+0.1 0.8+0.1 0.7+0.2
Al 1.4+0.2 0.9+0.1 1.0+0.1
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Fig. 5 Micrographs of teeth specimens of Group 2 (12.7 J/em®) before and after irradiation. a) 100X magnification and b) 400X
magnification
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Fig. 6 Micrographs of teeth specimens of Group 3 (39.8 J/cm?) before and after irradiation.

6. Concluding Remarks

In this chapter we have explained briefly the most important aspects of SEM and EDS analysis to be considered when
studying human dental samples. We discussed the sample preparation, as well as some equipment conditions and
parameters that must be optimized in order to obtain good quality images as well as well as reliable chemical
compositions by EDS, including the Accelerating Voltage, Working Distance, Spot Size, calibration of the EDS
spectrum and the angle of the sample surface with respect to the ground.

We have also shown two different strategies to be able to locate the same exact area when the same specimen is
subjected to different stages during the whole experiment and we need to analyze this area in each stage. We have
shown representative micrographs of each group irradiated with different laser energies and the morphological changes
that are produced; at higher energy of the laser, the damage taken by the teeth in terms of crack formation, exposed
prisms and removal of dental material is higher.

Finally, we have obtained the chemical composition of each specimen and the mean average was reported for each
group. Because of the analysis procedure, the composition changes observed are solely related to the effect of the laser
irradiation on the surface teeth and not caused by errors occurring during the EDS analysis.
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