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Technical note
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Abstract
Background
With the application of the scanning transmission electron microscopy (STEM) detector, transmitted electron images similar to transmission electron microscopy (TEM) can be obtained from scanning electron microscopy (SEM), which is referred to STEM-in-SEM imaging. Compared to TEM-energy dispersive spectroscopy (EDS), SEM-EDS is expected to be more efficient and reliable for chemical analysis of TEM specimens due to the larger sample space in SEM and the higher take-off angle of the SEM-EDS detector. Unfortunately, this advantage is not well applied to TEM specimens in practice, mainly because of fault signals generated from the commercial grid holders used in SEM and STEM-in-SEM. This study is designed to solve this problem by modifying the commercial holders and to test them through EDS analysis of apatite phases.

Findings
We first changed the way of assembling parts of the commercial multi-grid holder for SEM. This new assembly was capable of producing a thinner upper cover part, resulting in the reduction of the EDS fault signals generated from the holder. Furthermore, the thin upper part allowed us to get images in shorter working distances, that is, at higher magnifications. This design concept was also applied to the commercial single-grid holder for STEM-in-SEM, producing a new multi-grid holder to be used for loading multiple samples.

Conclusion
We confirmed that the new holders produced reliable chemical data from apatite phases. In case of oxygen analysis, despite of low electron brightness from the tungsten source, 5 kV provided more stable acquisition and signal yields than 15 kV. We expect that these modified holders facilitate more efficient EDS analysis for multiple samples under the same analytical conditions in SEM and STEM-in-SEM.
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Introduction
Through the advance of electron microscopy, structural and chemical information of various materials can be routinely obtained at the nanometer scale. Detectors have been continuously developed for collecting a range of specific electronic signals generated from the sample. Among them, the detector for scanning transmission electron microscopy (STEM) can produce high contrast images due to its selective detection of transmitted electrons. Moreover, the STEM detector is not just applied to transmission electron microscopy (TEM), but can be utilized in scanning electron microscopy (SEM) as well. In case of STEM study in SEM, referred to as STEM-in-SEM, the STEM detector can select specific diffraction angles or directions of the transmitted electrons by adjusting various apertures and detector positions owing to its large detecting area (Probst et al., 2007; Beyer et al., 2012; Hondow et al., 2012; Holm & Keller, 2016).
As STEM-in-SEM uses low accelerating voltages usually below 30 kV, it has an advantage of producing high-contrast images from samples which could be vulnerable to electron beam damage such as polymers and biomaterials (Guise et al., 2011; Garcia-Negrete et al., 2015). In addition, STEM-in-SEM is capable of loading multiple TEM grids, which makes it easier to conduct analysis under consistent analytical conditions without sample exchange. Since SEM and STEM images can be obtained simultaneously, STEM-in-SEM can provide us morphological three-dimensional information, rather than projected two-dimensional information from the TEM specimen (Probst et al., 2007; Beyer et al., 2012).
Although a large number of studies have been carried out utilizing STEM-in-SEM, such studies do not emphasize the advantages of SEM-energy dispersive spectroscopy (EDS) for chemical analysis. Because the SEM-EDS detector is typically installed with higher take-off angles compared to the TEM-EDS detector, it does not require specimen tilting during analysis, which is favorable for stable signal acquisition. Furthermore, flexible accelerating voltage settings to low voltages such as 5 kV are useful to find suitable analytical conditions considering the ionization yields of light elements to be analyzed (Wu et al., 2015; Williams & Carter, 2009; Goldstein et al., 2018).
However, due to the spacious SEM chamber with lots of accessories inside and the large size of the sample holder itself, unwanted EDS signals could be generated from other sources than the actual sample to be analyzed. The commercial SEM grid holder, used for loading four TEM grids, actually produced unwanted Al signals during the test session (Fig. 1). To mitigate this problem, we modified the commercial grid holder to reduce the fault signals. Additionally, a new grid holder for STEM-in-SEM was designed to load four separate TEM grids instead of the commercial single-grid holder. We designated the modified holders as multi-grid holders of type 1 for SEM and type 2 for STEM-in-SEM in our description (Fig. 2).
[image: A40543_2019_186_Fig1_HTML.png]
Fig. 1a The commercial multi-grid holder which can load four TEM grids. b The thick upper cover part of a which can block EDS signals to the detector. c The thick lower part of a. d The COXEM single-grid holder for STEM-in-SEM. e The thick upper cover part of d. f The thick lower part of d. g, h The EDS spectra of the Mini-SEM obtained at 15 kV from synthetic hydroxyapatite (Ca5(PO4)3OH) using the holders in a and d show high Al intensities generated from the holder. i Schematic diagram showing the source of strong Al signals and weak sample signals from the EDS analysis
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Fig. 2a The modified multi-grid holder (type 1) for SEM. b The modified multi-grid holder (type 2) for STEM-in-SEM. c The cross-section image of b. d The components of a and their assembly configuration. e Schematic diagram of EDS signal detection using the a and b. f, g The EDS spectra of the Mini-SEM obtained at 15 kV and 5 kV from synthetic hydroxyapatite (Ca5(PO4)3OH) using the type 2 holder, which show Ca and P intensities and much lower Al signals




Using the modified multi-grid holders, we have carried out EDS analysis of four types of apatite phases at 15 kV and 5 kV. Each EDS spectrum was obtained at a single session in consistent analytical conditions, and intensity ratios of Ca/P and O/P were interpreted. Through comparative analysis of apatite phases with both pure and mixed chemistry, we were able to distinguish specific chemical characteristics of the four apatite phases which have similar chemistry (Lee et al., 2013; Kim et al., 2018).

Experimental
For this study, two types of commercial grid holders were used, a multi-grid holder for SEM (catalog #75949-03, EMS) and a single-grid holder for STEM-in-SEM (COXEM). These holders were modified to be suitable for EDS analysis. To test the commercial and modified grid holders, we used two types of SEM instruments, a table-top tungsten filament SEM (Mini-SEM, EM-30SX, COXEM) operating at 1~30 kV, and a normal field emission SEM (FE-SEM, Merlin, Carl Zeiss, installed at the Korea Basic Science Institute) operating at 0.02~30 kV. The Mini-SEM was equipped with a Mini-EDS detector (Elements, EDAX: take-off angle 24.37°; detector area 15 mm3), and the FE-SEM was equipped with a normal EDS detector (XFlash 6l60, Bruker: take-off angle 35°; detector area 60 mm3).
Limitations of the commercial grid holders
Figure 1a and d display the commercial multi-grid holder and COXEM single-grid holder. As shown in Fig. 1b and e, these holders were manufactured for SEM and STEM-in-SEM imaging only, without considering EDS analysis, and had thick upper cover parts. Since the thick cover obscured sample signals and generated Al signals, we obtained EDS spectra having dominantly Al intensities originated from the holder material as shown in Fig. 1g and h. Although synthetic hydroxyapatite (SAp, Ca5(PO4)3OH, 574791-15G, Sigma-Aldrich) was examined at 15 kV, the spectra did not show noticeable Ca and P peaks, which are major constituting elements of apatite. We presumed these shortcomings originated from how the holder was assembled. That is, the commercial holders were designed to support the cover from above by the fixing screw. As shown in Fig. 1i, the fixing pin is a type of flat-head cap screw, and the screw head presses the upper cover for support. Therefore, the upper cover requires a thickness level compatible with the screw head. The thick cover generated strong Al signals which were a major obstacle to the genuine sample signals. Finally, we arrived at the conclusion that it was important to minimize the holder regions which may potentially generate the fault signals for proper EDS analysis on the TEM specimen.

Developing modified multi-grid holders
On the purpose of directing EDS signals into the detector and loading multiple samples, we modified the commercial grid holders. Figure 2a and b show the modified multi-grid holders of type 1 and type 2, respectively. In order to minimize interaction between the upper cover part region and the signal, we changed the assembling way of the grid holder. The new assembly supported the holder in such a way that the fixing pin pushed the lower part from below, which allowed the screw head to be hidden underneath, and the upper cover to be much thinner. Figure 2d shows how to assemble parts of the type 1 holder by the fixing pin. In addition, we processed the lower part in concave form to minimize the interaction with the transmitted electrons. The schematic diagram in Fig. 2e illustrates that the thin cover does not block EDS signals from the sample to the detector. We confirmed that EDS analysis using the modified holders detected Ca, P, and O peaks of SAp as shown in Fig. 2f and g. Because the modified holders were designed to load four separate samples, we can perform EDS analysis in consistent conditions with multiple samples both in SEM and in STEM-in-SEM. In addition, the thinner upper part allowed us to carry out SEM and light microscopy (LM) in shorter working distances, thus, at higher magnifications. Since the type 1 holder is adaptable to any SEM instruments which use the pin-type stub, we can evaluate performances of SEM-EDS systems of interest using the same standard materials. On the other hand, the type 2 holder is currently dedicated to the Mini-SEM attached with the STEM detector. We can carry out STEM imaging and EDS analysis at the same time with this holder.

Application of the modified holders to multiple samples
Both synthetic and natural apatite samples (Kim et al., 2018; Song et al., 2012; Meneghini et al., 2003; Young et al., 1969; Kim et al., 2017) were used to test the efficacy of the modified holder for STEM-in-SEM EDS analysis. While commercial SAp was available in powder form, mineral apatite (MAp, 470104-508, Ward’s Science) and fossil apatite (FAp, left femur from a Cretaceous dinosaur (Kim et al., 2017)) required powdering via diamond sawing (debris collection), ultrasonic drilling, and/or were ground with an agate mortar and pestle in order to avoid chemical and structural alterations. In case of bone apatite (BAp), aiming to retain its original state, we avoided using chemical agents that were involved in decalcification and fixation (Kim et al., 2018). The bone sections were cut using a diamond wire saw (Model 3242, Well), were subsequently dried in a critical point dryer (Samdri®-PVT-3D, Tousimis) for an hour, and were finally powdered using a freezer mill (SPEX Sample Prep™). The collected BAp was added to a 70% ethanol solution (Kim et al., 2018). All the other apatite samples were added into 99.9% ethanol solutions, and the solutions were stored in room temperature. The nanoparticles within each sample solution were separated into individual particles by a probe sonicator (EpiShear, Active Motif). We sprayed each sample solution onto each TEM grid using the custom-made ultrasonic sprayer to prevent aggregation between particles as well as to disperse the sample particles widely enough during the drying of the solution on the grid (Kim et al., 2018).
For comparison, we tested the same samples with a Zeiss grid holder (12x STEM-probenhalter) for the FE-SEM, which is manufactured by Carl Zeiss, but covered with a custom-made Be plate to avoid generation of Al signals. Four TEM specimens were analyzed at the same analytical conditions. Forty spectra per each sample from each instrument were acquired at both 15 kV and 5 kV, considering the ionization yields of Ca and O (Wu et al., 2015; Williams & Carter, 2009; Goldstein et al., 2018; Newbury & Ritchie, 2013). Although the image quality was somewhat poor in case of 5 kV using the Mini-SEM, we adjusted the condenser lens to increase the electron dose. Each spectrum in all samples was collected for 100 s from the 500 × 500 nm region. To compare the ratio of Ca and O to P, we calculated the Ca/P and O/P ratio using the spectra obtained at 15 kV and 5 kV. Data analysis and configuration were done with the EDAX software TEAM for the Mini-SEM and the Bruker software ESPRIT 2.0.0 for the FE-SEM.


Results and discussion
EDS analysis of apatite phases
We conducted chemical analysis of the apatite phases at 15 kV and 5 kV under consistent analytical conditions using the type 2 holder. Table 1 displays the calculated intensity ratios of spectra acquired at 15 kV and 5 kV. While the Ca/P ratio was higher at 15 kV than at 5 kV because of the higher ionization yields of Ca, the O/P was higher at 5 kV due to the low ionization energy of oxygen (Wu et al., 2015; Williams & Carter, 2009; Goldstein et al., 2018). Relative standard deviations (RSD) indicated that statistical data reliability of each element was affected by accelerating voltages selected.
Table 1Intensity ratios of Ca and O to P at 15 and 5 kV from the Mini-SEM and FE-SEM. (Mean, SD = standard deviation. RSD = relative standard deviation (SD/Mean × 100(%))


	 	 	15 kV
	Mean
	SD
	RSD (%)
	5 kV
	Mean
	SD
	RSD (%)

	Mini-SEM (W source)
	SAp
	Ca/P
	1.40
	0.04
	2.94
	Ca/P
	0.05
	0.02
	43.33

	O/P
	1.17
	0.36
	31.12
	O/P
	4.92
	0.69
	14.03

	BAp
	Ca/P
	1.41
	0.14
	10.00
	Ca/P
	0.15
	0.11
	75.44

	O/P
	0.51
	0.29
	58.09
	O/P
	5.98
	2.14
	35.69

	MAp
	Ca/P
	1.43
	0.05
	3.28
	Ca/P
	0.03
	0.03
	75.15

	O/P
	0.83
	0.34
	40.78
	O/P
	4.60
	0.79
	17.07

	FAp
	Ca/P
	1.93
	0.61
	31.42
	Ca/P
	0.14
	0.10
	71.97

	O/P
	1.07
	0.49
	46.16
	O/P
	6.88
	3.21
	46.67

	FE-SEM
	SAp
	Ca/P
	1.54
	0.03
	2.10
	Ca/P
	0.29
	0.02
	6.79

	O/P
	1.47
	0.20
	13.71
	O/P
	3.48
	0.21
	6.04

	BAp
	Ca/P
	1.46
	0.03
	1.78
	Ca/P
	0.29
	0.04
	14.20

	O/P
	1.26
	0.27
	21.35
	O/P
	3.58
	0.45
	12.63

	MAp
	Ca/P
	1.51
	0.03
	1.63
	Ca/P
	0.29
	0.02
	7.12

	O/P
	1.10
	0.15
	13.53
	O/P
	3.36
	0.31
	9.34

	FAp
	Ca/P
	1.76
	0.19
	10.83
	Ca/P
	0.34
	0.03
	8.59

	O/P
	1.60
	0.23
	14.24
	O/P
	5.58
	2.21
	39.69




In order to interpret the EDS results more quantitatively, we plotted the data on the correlation graphs of Ca and P. Figure 3 shows correlation graphs of four types of apatite. Although each intensity value is not constant due to the irregular population of sample particles from the analyzed area, the correlation graphs of Ca and P show good proportionality, and the trend lines represent the characteristics of each apatite phase. The graphs of SAp and MAp in Fig. 3 have constant and straight trend lines as they are reference materials with high chemical purity, in contrast to those of BAp and FAp. Since the slopes represent Ca/P of each apatite, we notice that Ca/P of BAp is lower than those of SAp and MAp. However, the data points of BAp show larger deviation from the trend line, which suggests that the chemistry of BAp maybe not homogeneous possibly due to material exchange (LeGeros et al., 2009; Fleet et al., 2004). In case of FAp, the Ca/P value listed in Table 1 has an abnormally high mean value, suggesting the presence of Ca-rich minerals other than FAp, such as calcite (CaCO3). For this reason, it is difficult to find the true Ca/P of FAp by using the calculated mean values only. On the other hand, the graph of FAp in Fig. 3 clearly shows the trend line as well as points deviating from the trend line originating from Ca-rich minerals. This analytical method, comparing unknown materials with the reference materials using our multi-grid holders, is quite useful for the analyses of inhomogeneous samples like BAp and mixed samples with other impurities like FAp. It is also noticed that the statistical processing using a large amount of EDS data is very important for reliable chemical analysis of materials through SEM and STEM-in-SEM.
[image: A40543_2019_186_Fig3_HTML.png]
Fig. 3Correlation of the Ca and P intensities for apatite phases obtained at 15 kV using the Mini-SEM. The data of the reference materials, SAp and MAp, show constant and straight lines. The slope of the trend line from BAp indicates lower Ca/P compared to SAp and MAp. FAp shows certain data points distributed outside the line, which suggests the presence of Ca-rich minerals other than apatite, such as calcite (CaCO3)





Comparison of EDS data for oxygen
As shown in Fig. 4, the EDS data of the Mini-SEM using the reference materials indicated that the reliability of O/P was improved at 5 kV compared to the data at 15 kV. Although the total intensity was decreased at 5 kV, the distributions of data changed from sporadic to linear, which was reflected in higher R2 (coefficient of determination) values. However, these values were insufficient to do reliable chemical analysis on light elements, comparing to the data obtained by the FE-SEM, as shown in Fig. 5. In case of the Mini-SEM, it is estimated that some oxygen signals were absorbed by the geometry of particle surfaces due to the low electron penetration depth at 5 kV, resulting in insufficient signals (Wu et al., 2015; Goldstein et al., 2018; Newbury & Ritchie, 2013).
[image: A40543_2019_186_Fig4_HTML.png]
Fig. 4Correlation of the O and P intensities for the reference materials obtained at 15 kV and 5 kV using the Mini-SEM. Data points obtained at 5 kV are closer to the linear line than those at 15 kV. The increased R2 (coefficient of determination) at 5 kV suggests improvement of data reliability




[image: A40543_2019_186_Fig5_HTML.png]
Fig. 5Correlation of the O and P intensities for the reference materials obtained at 15 kV and 5 kV using the FE-SEM. Distributions of data points indicate much higher reliability of the FE-SEM with high R2 values, compared to those of the Mini-SEM




By comparison, the FE-SEM, besides the field emission source, uses a special electron optical column technology which is called “integrated beam-accelerator,” to achieve high resolution and brightness even at the lowest accelerating voltages (Jaksch & Martin, 1995). Because the FE-SEM is able to reduce the loss of electrons moving from the gun to the sample by “cross-over-free-mode” and “beam-accelerator-mode,” it is possible to obtain high electron density, that is, high signals in EDS analysis at low kV (Jaksch & Martin, 1995). In Fig. 5, the graphs show that the FE-SEM obtains sufficient intensity of O and P even at 5 kV, resulting in statistically reliable data with high R2. On the other hand, the Mini-SEM, with the tungsten filament and only minimal electron optical column configuration within the small space, is easily exposed to the analytical limitation at low voltages where the amount of electrons is not sufficient.
Since low-voltage EDS is useful to achieve high-resolution chemical mapping and to obtain efficient chemical spectra in low ionization energy ranges, its demand is increasing in the fields of surface analysis and light element analysis (Burgess et al., 2017). In this study, we confirmed that the electron source is very important for signal acquisition. In the Mini-SEM, if the electron source is replaced with other sources of higher brightness, we will have higher signal acquisition and more reliable EDS analysis, in addition to higher resolution in imaging due to the smaller crossover size (Williams & Carter, 2009). Through improvement of additional parts such as power supplies affecting the stability of voltage and current, we expect that the Mini-SEM could become a better analytical and imaging tool with the multi-grid holder for SEM and STEM-in-SEM.


Conclusions
We first modified the commercial multi-grid holder for SEM through changing the assembling way of the holder, which allowed us to make the upper cover much thinner. This design concept was also applied to the commercial single-grid holder for STEM-in-SEM, producing a new multi-grid holder which can load four TEM grids. The modified holders minimized the EDS fault signals generated from the previous commercial holders and allowed us to carry out SEM and LM works in shorter working distances, thus, at higher magnifications. For EDS analysis of apatite phases utilizing the modified holders, the statistical data processing made it possible to overcome the limitation of error-prone EDS data and led us to more reliable interpretation, which was especially useful to inhomogeneous and mixed samples such as BAp and FAp. In case of oxygen analysis, despite of the low electron brightness from the tungsten source, 5 kV gave more stable acquisition and signal yields than 15 kV. Nevertheless, the Mini-SEM with the tungsten source showed analytical limitation due to its insufficient signal yields at 5 kV, which was reflected in high RSD and low R2 values. We expect that these modified holders facilitate more efficient EDS analysis for multiple samples under the same analytical conditions in SEM and STEM-in-SEM.
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