Chapter 2

Imaging plant biomass materials: the interaction of electrons and the tunneling of ions through plants’ transport channels  

Abstract

Imaging heterogenous, anisotropic, and non-conductive plant biomass materials using electron microscopes is challenging task. The study of how electrons and ions interact with biomass is important as it aids in the interpretation of electron micrographs as well as assessing the radiation damage of the beam to biomass specimens.  Starting from the field emission gun of the electron or the ion source on top of the column, electrons and ions travel within the ultra high vacuum, meet with the specimen and then create millions of scattering phenomenon varied by the characteristic of the specimen and the beam condition. The interaction becomes severely strong and the damage occurs when a stage of charge balance cannot be reached, especially for the non – conductive biomass surface. In this work, we visualize the path of electrons and ions along with the image impart from different types of biomass materials at 1 keV Scanning Electron Microscope (SEM), 200 keV Scanning Transmission Electron Microscope (STEM) and 30 keV from the Focused Ion Beams (FIB) occurred within the ultra high vacuum. The study found that different material densities and beam energies could potentially confers different incident beam energies which ultimately impacts the image formation and the damage to the specimen surface. With the same type of biomass materials, the image obtained from the 200 keV STEM provides higher resolution and less damage when compared with the low voltage SEM. Moreover, by combining the result from the effect of the bombardment from the ion beam to epoxy resin and STEM imaging, the characterization of nutrient and water transport channel of switchgrass was revealed at the nano-scale level. The ion beam was found to be selectively removed the epoxy resin embedding medium out of the internode of switchgrass stems and be able to use it as a beam marker-assisted selection in order to help differentiate and selectively remove the epoxy rasin embedding medium out of biological materials at the less than 100 micron thickness of specimen located in the 3 mm in diameter of the STEM grid. 

Introduction
“He sees the face and the moving hands, even hears it ticking. If he is ingenious he may form some picture of mechanism, which could be responsible for all things he observes, but he may never be quite sure his picture with the real mechanism and he cannot even imagine the possibility of the meaning of such a comparison.” – A man explores a closed watch, the word given by Albert Einstein [Amrein, 2007] 
Plant cellular architecture is highly organized and has evolved to survive from severe environmental conditions and to prevent biological attack. Their great adaptability is present in the evolution of plant cell walls ultrastrucuture as well as their food and water transport system. For instance, the xylem could potentially enlarge their network capacity to more than 30,000 times from their initial volume [Cosgrove, 2005]. However, the understandings of the organization of plant cell walls and how their vascular system functions would be inconceivable without the studies of plants genomics and proteomics expression related to plants’ architectural structures. The exploration of a man to the mechanism of a closed watch as stated by Einstein above emphasize the importance of the understanding of the relationship between structures behind functions [Amrein, 2007]. Still, in order to investigate the biological structure as well as answer scientific questions correctly, the knowledge of the application of the microscope is required. Unlike other types of microscope, an electron microscope generates an image pixel by pixel from the interaction between the electron beam and the specimen.   Without the real understanding of the mechanism of how the beam of electrons and ions interacted with the specimens, it could potentially lead to erroneous interpretation of structure. Even though electron microscopes are heavily used in the wide range of biological science, the study of electron beam interaction is primarily focusing on the metals and semiconductor industries. 

Increasingly, the complex heterogeneous nature of biomass is crucial to characterize at the nano – scale. There are at least 26 monomers and biopolymers within plant cell walls [Sarkar et al., 2009]. Their multifaceted molecular structure predominantly contains cellulose, the most abundant source of carbon on earth. Cellulose fiber locating in plant cell walls is a glucose polymer that can be converted to bioethanol and utilized in many industries. The gateway to harvest cellulose from biomass feedstock is through a complex lignin and polysaccharide network. The key to unlocking this network is the characterization of the fundamental structure [Sarkar et al., 2009]. 
Plant tissues are very porous materials, low density and brittle materials. The porosity of plants’ vascular structure helps conduct minerals, food and water and also facilitates the delivery of chemical pretreatments and enzymes to cell walls to start to convert polysaccharides into mono sugars. The water transport channels size varies by plant types and the size of the stem which is similar to when comparing between the diameter of the tree and the grass stem. Figure 1 below represents the cross-section of a switchgrass stem at microscopic resolution. The green chlorophyll at the edge of the outer surface harvests sunlight to produce sugars through photosynthesis. The food transportation channel or phloem also is in this green region and the small groups of the light blue region. Meanwhile, the predominant area of the stem as seen in by the violet or deep blue area utilize for the transportation of water and nutrient transportation. The auto-fluorescence of the deep blue area contains larger amounts of lignin [GMIS, 2009]. 

Imaging biological and biopolymer materials is a difficult task. Three major problems are because the cellular structure is fragile in nature when separated from the main stem, plant components are hydrophilic, and they have very poor electrical conductivities. Thus, sample preparation is critical. For SEM, dehydrating and coating the specimen with gold considerably helps minimize the charging effect as well as minimize the damage of the beam to the specimen’s surface. However, the difficulty of sample preparation for TEM and STEM is more than double when comparing with the SEM. Plant materials have to be embedded in epoxy resin before being able to be cut into the thin section by an ultramicrotome.  The Furthermore, without the invention of the ultramicrotome around in the middle of the nineteen century, the characterization of cell biology at sub-angstrom level would not be possible [Scanga , 1964]. 
The frontier of scientific research follows the advancement of instrumentation [Luo, 1994].  The electron microscope is one of the most powerful tools that has facilitated many discoveries and has investigated materials at high spatial resolution for almost a century. A further advancement, the focused ion beams (FIB) has recently been applied for preparing that are less than 100 nm thick specimen for the transmission electron microscopes (TEM) and the scanning transmission electron microscope (STEM) by using the ion beam to spall atomic layers from a specimen’s surface.  The final image is a representation of the beam starting from the emission gun on top, the interaction of the beam generated from the specimen and the collection of either transmitted, scattered, or reflected electrons by the detector. The detector is a part of the machine that conducts the incident beam energy of Secondary Electron (SE), Backscatter Electron (BSE), X-RAY from electrons that have interacted with the specimen in order to form an image [Joy et al., 1996] The detector is one of the most important parts of the microscope as it determines the signal-to noise ratio (SNR) [Joy et al., 1996].

As stated by Lyman et al., “The electron column is the business end of the SEM, where the electron beam is created, focused to a small spot, and scanned across the specimen to generate the signals that control the local density of the image on the viewing screen” The journey of electron begins at the electron gun on top of the column. The tip contains a tungsten wire with an applied field that sequentially generates tunneling electrons to move on to an anode array [Goldstein et al., 2003]. The cathode then activates electrons up to the desired voltage to travel through the column to the specimen [Lyman et al., 1990]. Because electrons are only be able to travel relatively short distance in the air, a vacuum system is required for the operation of electron microscopes [Lyman et al., 1990]. Electrons travel in a vacuum of 10-5 Pa for a distance of about 50 cm from the gun to the specimen [Goldstein et al., 2003]. 

When the beam of electrons scans across the specimen, it will not only confer energy to the specimen but also the complicated scattering phenomenon of the interaction. Electrons interact with the specimen and become an intense source of ionizing radiation. The consequence is mass loss, loss of light elements, change in cracking, hole-drilling caused by knock-on damage and the breaking chemical bonds in non – conductive, polymers and biological specimens [Goldstein et al., 2003].

Electron interactions fall into two main categories that are elastic and inelastic scattering. For inelastic scattering of electrons, the change of the beam energy as well as its direction could occur. On the other hand, the beam energy does not change for the elastic scattering effect. The inelastic scattering of SE is at the average of approximately in the range of the beam energy between 5 to 50 eV [Joy, 2009]. The interaction could potentially become very much more complicated when the specimen is heterogeneous composite materials like biomass. The interaction for both types of beams could not only provide the image but also spall the surface of materials. It is important to study the interactions between the beam and the specimen because the image formation and the result of X-Ray microanalysis are directly derived from the beam and the specimen interaction. Moreover, despite process from both electron beams of electron microscopes and ion beams from the FIB being similar to generate an image from the specimen, the particles have some very different physical properties. The interaction from ion is much more complex than electrons [Ramachandra et al., 2009] For instance, ions move slower and demand a more complex configuration and design of the machine to control their travel as they have heavier mass than an electron by approximately 130,000 times [YAO, 2007] Therefore, the ion stopping power (eV/ Å), the rate obtained from the particles while they travel and deposit the energy to the specimen, would approximately be about 130,000 times higher than an electron.

With regard to electron stopping power, electrons confer their energy to the specimen at the rate of about 1 eV/ Å while they travel and varied by different types of materials and beam energy. This parameter relates to the intensity of radiation damage as a result of the energy deposited into the specimen [Ramachandra et al., 2009]. To put into perspective, a rough calculation from Dr. David Joy is that if given a cube of pure carbon men has the thickness of about 1*1 Å2, electron would approximately confer the energy to the specimen at 5*1023 eV/g or 105 kGy (based on the rate of 1 eV/ Å, carbon density ≈ 2 g/cm3). As shown by the graph from Figure 2 below, the stopping power falls down very rapidly as the energy increases. At low beam energy, the effect of high stopping power but low range of carbon could ultimately damage the specimen as it focuses on a small area at shallow point near the specimen surface [Joy et al., 1996].  Therefore, the effect from the high stopping power could damage the specimen with an SEM at 1 keV more than at 200 keV under the STEM. 

Moreover, the range equation or the penetration depth is directly related to the integral term of the stopping power [Joy et al., 1996].  The range approximates how far below the surface inelastic collisions occur. However, for ions, the maximum energy deposition occurs at the surface and quickly diminishes. Consequently, the approximate half the value from this equation would probably be an over estimated for ions. 

Range (Å) = [700 * incident energy (keV) 1.66] / Density (g/cm3) …………………(1)

Materials and Methods

Biomass specimen preparation


The experiment was performed by using cellulose from 3 different commercial sources wood pulp from Buckeye and microcrystalline cellulose PH105 from FMC Company.  Alpha cellulose fiber and lignin sample was obtained from Sigma-Aldich. Moreover, the switchgrass internode specimen was prepared by embedding in epoxy resin, then cut with the glass knife and put into the oyster grid at mesh from Electron Microscopy Sciences. This switchgrass thin section specimen will then use for the ion beam milling with the FIB. 
Imaging with Electron Microscopes
The secondary electron (SE) image was taken by Hitachi S4700 SEM and S-3500 VPSEM at a voltage of 1-1.5 keV and most of them were coated with gold. Furthermore, for the specimen preparation of the STEM the thin section of biomass that had already embedded in Spurr epoxy resin was cut by the ultramicrotome and was then put inside of the 3 mm in diameter of the oyster grid with the thickness of less than 100 micron size. The FIB was applied to the thin section and revealed the internal structure of the specimen under the condition of 2.4 µA at 30 keV. Finally, the images were taken with Hitachi STEM HD2000 at 200 keV using different mode of operations that are secondary electron (SE), Z-Contrast (ZC) and transmission electron (TE). For cellulose and lignin, their powder form was diluted with deionized water at the ratio of 1:1 and drop on top of the grid Lacey carbon type A, 300 mesh from Ted Pella, Inc. Then, the grids were left to dry on top of the filter paper for few minutes before insert the grid into the STEM rod.
The Monte Carlo Simulation

Monte Carlo Simulation was used to illustrate and quantify the trajectory of electrons among different biomass materials with different beam energies. The ray-tracing simulation DOCALC and the Multi-Carbon 2009 version that modified from the Monte Carlo Simulation development 2004 software developed by Dr. David Joy [Joy, 1995]. The illustration of gallium ion trajectory from the FIB and the calculation of the Range, SE and BSI are directly obtained from ION induced SE Version 2 (IONiSE) simulation developed by Dr. Ranjan Ramachandra and Dr. David Joy in 2009 [Ramachandra et al., 2009]. The IONiSE was constructed basing on the SRIM/TRIM information and containing the complete set of elements from the periodic table [Ramachandra et al., 2009] On the other hand, the Monte Carlo Simulation of electron has carbon, some elements and some types of materials that frequently use in the nanofabrication technology. The approximate density (g/ml) of Spurr epoxy resin is 1.08 g/ml. Furthermore, plant cell wall has the density of about 1.5 g/ml--1.5 g/ml for loblolly pine and 1.472 g/ml for yellow poplar [Kellog et al., 1969]. Elements that are similar to epoxy resin and plant cell wall density are Na and Ca that have the density of about 0.97 and 1.54 g/ml respectively [Goldstein et al., 2003]. Consequently, for IONiSE simulation, Na and Ca were applied to run the simulation in order to obtain the incident beam energy of epoxy resin and plant cell wall density. Moreover, since the beam energy is generally used for imaging biomass materials in this experiment is 1 keV for the SEM and, 200 keV for the STEM and 30 keV for the FIB, the simulation and the calculation were based on these three levels of beam energy.  ImageJ software from NIH (National Institutes of Health) was used to construct Fast Fourier Transform (FFT) images. 

Resulst and discussions

Imaging with electron microscopes and the interaction with electron beams
The Monte Carlo Simulation from Figure 3 (b) helps illustrate the interaction while electrons that travels from the top of the column meets the target materials on the specimen stage at the base line and then interactions occurr within a finite volume. Figure 3 (b) help generate the understanding of how the scattering of electrons at the energy of 1 keV traveling within the electron microscope for 10000 trajectories and interacts with the bulk target material of wood pulp cellulose fiber, which has the density of 0.6 g/cm3 from Figure 3 (a). The range or the penetration depth of the energy that electrons could approximately deposit into the sample beneath the surface of wood pulp is 130 nm as shown in image (b).

 (a)                                                       (b)



          (c)

Figure 4 Energy plot from the different function of energy level starting from 1, 30 and 200 keV 
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Figure 1 The cross section of a switchgrass stem with the micron size [GMIS, 2009]
Figure 2 The stopping power of carbon as a function of energy [Joy et al., 1996]

Figure 3  The simulation in comparison between the wood pulp of SE image and the trajectory of electrons (all 10 ticks of scale bar = 50 µm)
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Figure 1 The cross section of a switchgrass stem with the micron size [GMIS, 2009]
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Figure 2 The stopping power of carbon as a function of energy [Joy et al., 1996]
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Figure 3  The simulation in comparison between the wood pulp of SE image and the trajectory of electrons (all 10 ticks of scale bar = 50 µm)
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Figure 4 Energy plot from the different function of energy level starting from 1, 30 and 200 keV 
