
Chapter 3

Gas–Electron Interaction in the ETEM

Jakob B. Wagner and Marco Beleggia

Abstract Imaging in a differential pumped environmental TEM (ETEM) results in

general in a degradation of the image quality. Scattering of electrons by gas

molecules in the pressurized volume between the pole pieces blurs the image and

decreases the signal-to-noise ratio of the acquired images. The somewhat simple

picture of a plane wave interacting with the sample of interest is no longer valid.

Furthermore, the exit wave from the sample is altered by scattering events taking

place after the sample in the direction of propagation. In this chapter, the effect of

the increased gas pressure between the pole pieces in an aberration-corrected high-

resolution transmission electron microscope is discussed in order to shine some

light on the additional phenomena occurring in ETEM compared to conventional

HRTEM. Both direct effects on the image quality and more indirect effects rising

from gas ionization are discussed.

3.1 Introduction

Ever since the proposal and first attempts of in situ electron microscopy involv-

ing non-vacuum imaging in the early days of electron microscopy (see Chap. 1)

addressing the influence of the gas on the fast electron pathway has been crucial.

The higher the pressure and the longer gas path the fast electrons have to pass,

the larger is the probability of scattering events between electrons and gas

species.
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The scattering on gas molecules results in a significant loss of electrons (inten-

sity) on the viewing screen depending on the gas species, total pressure and energy

of the primary electrons. Furthermore, the spatial resolution will decrease both for

scanning transmission electron microscopy (STEM) and for broad beam electron

microscopy. The contrast in the resulting images might be influenced as well

depending on the scattering power of the gas molecules.

Not only the spatial resolution and contrast of the acquired micrographs will be

affected by the electron–gas interaction, but the observations will also be influenced

indirectly by ionization of gas species, which can lead to more reactive gas species

and charge transfer effects. For example, the ionized gas species can be used for

charge compensation since ionized gas species act as charge carriers compensating

for charging of the sample during electron beam irradiation.

The effect on the special resolution might be easier to understand qualitatively in

the case of scanning transmission electron microscopy. The highly focussed beam

gets more diffuse on the sample as the fast electron scatters on gas species above the

specimen. This beam broadening effect has been studied in great detail in the SEM

community for decades (Danilatos 1988; Belkorissat et al. 2004; Mansour

et al. 2009, 2013; Danilatos et al. 2011). However, the understanding of the effects

on intensity, resolution, and (phase) contrast for broad beam electron microscopy is

still in its infancy, and it is the focus of the present chapter.

In TEM where the spatial resolution relies on the coherency of the fast electron

beam, the scattering effects taking place both above and below the sample strongly

influence the resolution and signal to noise. Figure 3.1 illustrates the reduction of a

cobalt oxide surface layer embedding a Co nanoparticles supported on α-Al2O3.

The striking difference between the two images is the removal of the oxide layer.

However, the signal-to-noise of the image in general is decreased when imaging in

740 Pa of CO (used as reducing agent). The insets in Fig. 3.1c, d clearly show that

the high spatial frequency information is damped in the presence of CO in the

microscope.

Obviously the effect of the gas species is related to the amount of gas present in

the electron path (pressure of gas), but also the electron-optical conditions such as

total beam current, current density, and primary beam energy have been found to

influence the image quality to a greater extent when imaging in the presence of gas

compared to traditional imaging in vacuum. In order to understand these direct

effects on the image quality or instrument performance the geometry of the

instrument and the scattering events taking place during the electron beam passage

of the high-pressure volume have to be described in detail. In the present chapter

effects of electron gas scattering is described and discussed to elucidate some of the

aspects, which have to be considered in differential pumped environmental

microscopy.

64 J.B. Wagner and M. Beleggia



3.2 Influence on Instrument Performance

3.2.1 Geometric Considerations

The effect of the scattering of the swift electron on gaseous molecules near the

sample of interest on the image quality and information transferred to the imaging

system is dependent on the exact geometry of the high-pressure volume surround-

ing the sample.

As described in detail in dedicated chapters in the present book two main

paths are pursued in order to allow controlled atmosphere around the sample:

Fig. 3.1 Co/α-Al2O3 imaged in (a) high vacuum and (b) in the presence of 740 Pa of CO at

250 �C. (c, d) Close-up and FFT of marked areas in vacuum and presence of CO, respectively. The

interaction of the fast electrons with the gas molecules decrease the resolution and signal to noise

of the final image. Acquisition time and optical parameters of the electron microscope are the same

for the two images
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(1) The windowed cell, which encapsulate the high-pressure gas around the sample

by electron transparent windows and (2) the differential pumped version where a

direct line of sight is available and the pressure is confined by pressure-limiting

apertures.

Whereas the windowed cell usually limits the high-pressure volume to a

thickness less than 50 μm in the direction of the propagating electron beam, the

differentially pumped version have the high-pressure zone confined in the full

volume between the pole pieces—the typical distance between the pressure-

limiting apertures in commercially available ETEMs is in the order of 5–7 mm.

As described above, electrons should traverse the shortest possible path through

gas in order to minimize the artefacts due to scattering of electrons on gas mole-

cules. This is accomplished in the windowed cell, but on the expense of having two

solid membranes interacting with the swift electrons as well disturbing the wave

function. Thinner membranes are constantly developed in order to minimize this

artefact maintaining the strength to withstand the pressure difference as further

described in Chap. 6. The effect of the membranes on the spatial resolution has been

studied in detail by Yaguchi et al. (2011), who, not surprisingly, found that 200 nm

Si3N4 membranes cause a more significant loss in spatial resolution of the final

image compared to the use of 15 nm Si3N4 membranes for the windowed cell. With

membranes designed specifically to minimize their bulging during high pressure

while maintaining a relatively large field of view, lattice fringe images can be

recorded at pressures of more than 100 kPa (Creemer et al. 2008; Vendelbo

et al. 2013, 2014). In this case the pathway of the fast electrons through the high-

pressure zone is limited to around 50 μm.

Comparing the pathway of the high energetic electrons through the high-

pressure zone in a differential pumped environmental TEM such as the aberration

corrected FEI Titan 80-300 ETEM gives an indication of the pressure resulting in a

similar amount of scattering event as described above. The high-pressure zone is

confined by the pressure-limiting apertures placed at the pole pieces resulting in a

pathway of around 7 mm (Hansen et al. 2010). The pathway is around two orders of

magnitude longer in the aperture-limiting setup compared to the windowed solu-

tion. The upper limit of pressure allowing lattice fringe imaging is around two

orders of magnitude lower for the aperture-limiting setup. Virtually compressing a

7 mm slab of gas at 1 kPa into the same atomic density as a solid results in a “solid”

of around 10 nm in thickness—a typical value that allows for good lattice fringe

imaging conditions. However, the scattering on gas molecules takes place over the

full pathway between the pole pieces and not only in the intended object plane for

conventional samples. The extended volume of scattering events includes the front

focal and back focal plane as indicated in Fig. 3.2. This implies that the scattering

geometry of the electron–gas interaction has to be revised. The rather complex

trajectories which the scattered electron now follows lead to a loss of intensity in

the final image as electrons being scattered above and below the sample are

captured by apertures (or the column itself). In the windowed cell approach, the

electron–gas scattering takes place closer to the intended objective plane and the

conventional tracing of scattering event is more suitable in this case.
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3.2.2 Loss of Intensity

One of the immediate observed effects of letting gas into the microscope is the

significant loss of intensity in the image. Measuring the intensity by summing the

counts on the CCD at a given magnification and optical configuration as a function

of gas pressure, gas composition, and acceleration voltage reveals that the intensity

can be reduced as much as 95 % within the pressure range compatible with the

differentially pumped ETEM. Figure 3.3 shows the normalized CCD count (count

per pixel) in the absence of a solid sample. The intensity is normalized with respect

to the measured intensity in traditional high vacuum mode (P¼ 10�4 Pa). The

measurements are plotted as function of pressure in different gases (H2, He, N2, O2,

and Ar). The gases represent a range of molecular mass typically for the gases used

in the ETEM. The measurements are performed at three different acceleration

voltages of the microscope as well. It is obvious that the measured intensity at the

CCD in general is decreasing with increasing gas pressure. The density of gas

molecules in the path of the electron beam increases with increasing pressure and

thereby increases the probability of an electron–gas scattering event resulting in the

electron being stopped by apertures in the microscope column.

The cross section of scattering events between fast electrons and molecules

depends on the energy of the swift electrons: the higher the energy the lower the

Fig. 3.2 Scattering of electrons on gas molecules in a differential pumped ETEM. (a) Scattering
of electrons on gas molecules (indicated by hatched lines) takes place mainly between the first set

of pressure-limiting apertures, which extend the focal length of the objective lens. The effect of the

objective lens on the electron “trajectories” is not included in this drawing. The sketch is not to

scale. Modified from Wagner et al. (2012)
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Fig. 3.3 The effect of the primary electron beam scattering on gas molecules in a differentially

pumped environmental TEM. Normalized image intensity (without a specimen present) measured

on a pre-GIF Ultrascan CCD camera, plotted as a function of gas pressure for various gas

molecules at 80, 200, and 300 kV. The significant loss of intensity (counts) at the camera results

in general in lower signal-to-noise ratio of the acquired images



cross section, as the electrons have less time to interact with the molecules along

their path, decreasing the probability of interaction. Figure 3.3 shows clearly that

the loss of intensity is, in general, larger for experiments performed at lower

acceleration voltage of the primary electron beam in the presence of gas.

The measured intensity of the electron beam varies also with the atomic number

of the gas species. Whereas the measured intensity only varies little for lighter

molecules such as hydrogen and helium, the recorded intensity is less than 30 % of

the vacuum value in 1400 Pa of argon using 300 kV primary electrons. With 80 kV

electrons, the remaining intensity is less than 10 %. These observations indicate that

the scattering cross section needs to be taken into account when estimating the loss

of intensity for a TEM experiment. The scattering of electrons by gas molecules

follows the atomic number.

Both the elastically and inelastically scattered electrons are contributing to the

measured intensity. Electron energy-loss spectroscopy (EELS) reveals both

low-loss and core-loss features corresponding to ionization of the gas molecules

present between the pole pieces. As the pressure in the objective lens is increased,

the ratio between the low-loss features and the zero-loss peak increases as expected.

The fraction of the total intensity of the inelastically scattered electrons is indicative

of the gas pressure in the pole piece gap.

The same trend in loss of intensity for the differentially pumped pathway of having

gas in the microscope has been reported by Jinschek and Helveg (2012) for N2 in a

ETEM operated at 300 kV at different pressures. As a result of the decreased intensity

the signal-to-noise ratio is alsodecreasedwith increasinggas pressurebetween thepole

pieces. Thiswill of course influence the imagequality and thereby the spatial resolution

obtainable from images at a given electron dose. Compensating by increasing the total

dose during imaging will not always be a valid opportunity as both sample drift and

beam damage might influence the observations as discussed below.

One way to minimize the loss of intensity in the acquired images is to decrease the

total probability of electron–gas scattering at a given pressure by decreasing the gas

path length. Decreasing the gas path length by encapsulating the high-pressure gas

zone between impermeable membranes allows for higher pressures without losing too

much intensity. Calculations by Yaguchi et al. show that the amount of unscattered

300 kV electrons is reduced by 70 % in 1� 105 Pa of air having a 0.5 mm gas path

length (Yaguchi et al. 2011). Comparing to the measured values in Fig. 3.3 it is found

that a similar intensity loss is found for approximately 800 Pa gas (O2–N2) in a pole

piece gap of 7 mm. The projected density of gas molecules is comparable in the two

cases. Advantages and disadvantages of the membrane solution for high-pressure

TEM measurements are addressed in more detail in Chap. 6.

3.2.3 Resolution in TEM

Besides the loss of intensity of the acquired images when having gas species in the

microscope, the spatial resolution in general decreases with increasing gas pressure.

To explore the effects of gas–electron interaction on the degradation of spatial
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resolution, we acquired images of a pristine amorphous carbon film at increasing

gas pressure of argon as shown in Fig. 3.4. Prior to each acquisition the defocus

value was adjusted to 410 nm as estimated by the aberration-corrector software

from the Thon rings. The small change in calculated defocus value after each

change of pressure is accredited to thermal drift as the gas temperature might be

slightly different compared to the sample temperature.

The radial intensity profiles of the power spectra shows the minima and maxima

well aligned as a result of adjusting the defocus value. The apparent damping of the

Fig. 3.4 Contrast transfer in presence of gas. (a) Amorphous carbon imaged out of focus. (b)
Fourier transform of (a) showing the Thon rings. (c) From the FFT in (b), the radial intensity has

been extracted. Values at intermediate pressures and a simulation made using CTFExplorer

(Sidorov 2003) are also included in the plot. (d) The step height defined as peak to valley value

of the radial intensity of the FFTs is plotted for vacuum and 1700 Pa Ar. Figure modified from

Hansen et al. (2012)
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information from higher spatial frequencies in the image changes clearly with gas

pressure. Due to the large defocus value used for the acquisition, the spatial

resolution is far from optimum even in the case of imaging in vacuum. Quantifying

the contrast transfer by measuring the step height of the oscillations in the FFT

being the top-to-valley value shows that damping of the CTF decreases the infor-

mation transferred at higher spatial frequencies. In the case of imaging in vacuum,

10 % transfer is observed up to 3.2 nm�1, whereas having 1700 Pa argon between

the pole pieces results in the maximum spatial frequency being transferred with

at least 10 % being around 2 nm�1. Similar observations (not shown here) at 80 kV

show a much faster decrease of the contrast transfer. In the presence of lighter gas

molecules, this dampening is significantly less pronounced.

A more severe effect of the presence of gas around the sample is damage on the

sample and support film primarily in the form of etching, which can be minimized

by keeping the beam current density low. For this reason, the current density was

deliberately kept low for the present observations, on the order of 1 A/cm2. The

effect on the amorphous film was monitored by recording an image in vacuum after

the experiment. The FFT of this image indicates that the damage sustained by the

film was insignificant as observed from Fig. 3.4.

The loss of lattice fringe resolution as a function of pressure can be described in

terms of a damping of the Contrast Transfer Function (CTF). The scattering events

taking place in the high-pressure zone is represented by the CTFs. Energy spread by

inelastic scattering induces the defocus Δf due to chromatic aberration and the

elastic scattering alters the wave direction Δk leading to an increment in the angular

spread. Both leads to damping of the CTF as described by Yaguchi et al. (2011;

Suzuki et al. 2013). An estimation based on the calculated CTFs indicates that

resolution is not influenced much by 1� 104 Pa air in a 1.0 mm gas path length

(including 15 nm Si3N4 membranes). However increasing the pressure just by a

factor of 10 to 1� 105 Pa essentially kills all phase contrast.

In order to get deeper into the understanding of the gas–electron scattering and

its effect on the lattice fringe resolution and intensity, Suzuki et al. divided the gas–

electron scattering into two regimes (Suzuki et al. 2013). The gas–electron scatter-

ing occurring above the specimen does not influence the coherence of each electron

and thereby only the angular deflection and the energy loss deteriorate the con-

struction of the image at the image plane. The gas–electron scattering occurring

below the sample results in destruction of the coherence and will thereby not

contribute to the information transfer from sample to image.

The loss of resolution in terms of decreasing phase contrast at higher spatial

frequencies does not only depend on the gas composition and pressure in the

ETEM. The total current in the electron beam is found to influence the spatial

resolution keeping the current density (electrons per sample area) constant

(Jinschek and Helveg 2012; Bright et al. 2013).

To illustrate the effect of the current density and the total electron beam current

on the transferred information and thereby the resolution of the microscope oper-

ated with gas surrounding the specimen, amorphous carbon has been imaged in

270 Pa of O2. The images are acquired at a relative high defocus value in order to
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identify a number of Thon rings in the FFTs. In Fig. 3.5, the FFTs achieved from

images in the presence of gas at different current density and total beam current are

shown. The absolute values of the total beam current and the current density are

measured without the presence of gas under given optical conditions, which then is

used for imaging in gas as well.

Varying the current density keeping the total current and acquisition time

constant results in an increased damping of information at higher spatial frequen-

cies (and thereby the resolution) at lower current densities as shown in Fig. 3.5a.

This phenomenon is related to the loss of intensity as the signal-to-noise ratio

(SNR) is becoming smaller at lower dose. Repeating this experiment without the
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images acquired in conventional vacuum mode do not show the same dependency
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presence of surrounding gas molecules gives a similar effect information transfer at

high spatial frequencies; however, the SNR is in general higher as the absolute

number of electrons contributing to the image is significantly higher without the gas

present as seen from Fig. 3.3. Although the SNR plays a role in the loss of

resolution, it cannot account for the full effect. Images acquired with similar

acquisition time resulting in similar total count on the CCD and similar SNR

shows poorer spatial resolution in the presence of gas compared to vacuum in

terms of information transfer at high spatial frequencies.

Keeping the current density constant but changing the total current of the

electron beam (by changing condenser aperture) results in a significant loss of

resolution at higher total beam current in the presence of gas as shown in Fig. 3.5b.

The SNR is not affected significantly by the varying total beam current and is

observed for a current density range spanning several orders of magnitude (Fig. 3.5;

Bright et al. 2013). The resolution of the acquired images in conventional vacuum

mode appears to be independent on the total beam current. The current density of

the electron beam is measured on the viewing screen and is calibrated to the sample
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plane. The electron trajectories of unscattered electrons give rise to a varying beam

diameter throughout the pole piece gap. This implies that the current density in the

back focal plane is dependent on the total current, even if the current density in the

sample plane is kept constant.

3.2.4 Contrast of Bright field images

The resolution and contrast has been discussed above in terms of phase contrast for

high-resolution imaging. However, lot of interesting studies have been done over

the past decades by means of lower magnification ETEM (Ross et al. 2005; Zhou

et al. 2006, 2012; Kodambaka et al. 2007; Li et al. 2009; Sharma 2009; Jeangros

et al. 2010; Nasibulin et al. 2010; Costa et al. 2010; Cabié et al. 2010; Janbroers

et al. 2011; DeLaRiva et al. 2013; Hansen et al. 2013; Vendelbo et al. 2014). The

loss of intensity will of course influence the image quality, but how is electron–gas

scattering and interaction affecting the contrast in low-magnification images?

In order to elucidate the relation between image intensity loss caused by

electron–gas scattering and the possible related loss of contrast, an edge of a

lacey-carbon amorphous film has been imaged at room temperature for varying

argon pressures (Fig. 3.6). The edge of the lacey carbon film shows a contrast

reflecting the thickness variation of the film corresponding to three distinct thick-

nesses (thinnest in the upper right corner). The lower left corner of the image

corresponds to vacuum (no sample). The intensity profile of the image measured

perpendicular to the edge shows four distinct intensities corresponding to the four

distinct thicknesses (named 1–4). The overall intensity of the area of interest

strongly depends on the total pressure of argon. The intensity decreases by more

than 60 % for pressures above 1000 Pa in good agreement with the data presented in

Fig. 3.3—the acceleration voltage of the present measurements is 300 kV. Normal-

izing the intensity of the images to the value measured in the region without any

solid sample present (Region 1) shows that the contrast is much less affected.

Besides a small spatial shift in the intensity measured between Region 2 and

3 caused by sample drift and possible etching, the contrast remains constant over

the pressure range used. The extra scattering of electrons in the presence of gas does

not affect the mass-thickness contrast; however, the signal to noise is decreased

with increasing gas pressure.

The measurements presented in Fig. 3.6 were all acquired with an objective

aperture corresponding to an acceptance angle of 2.7 mrad. The contrast in

low-magnification images is strongly related to the size of the objective aperture

as it filters the specimen-scattered electrons. Figure 3.7 shows the plot of the

intensity measured around a lacey carbon edge. Without any gas present in the

microscope column, the image intensity measured at the solid sample decreases

with decreasing objective aperture size (Region 2 and 3). As no scattering occurs in

Region 1 of the image (without gas) the intensity is constant with varying objective

aperture size.
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Fig. 3.6 Contrast of

amorphous carbon film

imaged in presence of

Argon. (a) Absolute
intensity measured on

images. (b) Normalized

intensity revealing an

insignificant change in the

contrast. The slight shift in

intensity around 40 nm is

due to sample drift and

damage. The numbers 1–4

in the plots refer to the areas

indicated in (c)
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Changing the objective aperture in the presence of gas does not have the same

effect on the contrast of the image. The intensity is constant with varying objective

aperture size in depicted area without any solid sample (as seen in Fig. 3.7). As the

scattering of the electrons on the gas molecules takes place over the full gas path

between the pole pieces and not only in the plane of the solid sample (see Fig. 3.2),

the objective aperture is no longer placed in the back focal plane of the scattering

event (object plane).

Furthermore, comparing the intensity of the image in the presence of gas to the

intensity measured of the solid carbon sample gives another indication of the

ill-defined scattering geometry. Assuming that a gas path of 7 mm of 500 Pa and

1000 Pa N2 has a projected atom density similar to 5 nm and 10 nm of solid,

respectively, justifies the comparison of the measured intensity of the imaged solid

without gas present and the measured intensity of imaged gas without solid present.

The measured intensity of the gas-only scattered electrons is significantly lower

than the measured intensity of the solid-only scattered electrons as illustrated in

Fig. 3.7.

This indicates that the limiting aperture for electrons scattered on the gas

molecules present in a distance from the sample plane is relatively small

(in angular terms) compared to the “normal” objective aperture.

Fig. 3.7 The relative intensity of the carbon edge images in vacuum and nitrogen presented as

function of the maximum allowed scattering angle for the electrons forming the image as defined

by the objective aperture. The region numbers in the legend refer to the areas defined in Fig. 3.7
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3.3 On the Propagation of Electrons in an ETEM

The observed independence, within experimental uncertainties, of the total current

reaching the detector on the objective aperture radius (Fig. 3.7), coupled with the

pressure-dependent net loss of electrons (Fig. 3.3), has two important conse-

quences: (1) the angular distribution of the electron beam appears to be very narrow

in spite of electron–gas scattering and (2) what “absorbs” electrons cannot be the

objective aperture. To explain these findings, we need to move beyond the simple

picture of a neutral gas modeled essentially as a low-density amorphous slab with

thickness equal to the extension of the gas chamber. In fact, the characteristic elastic

scattering angle θ0 from typical low-Z atomic or molecular gasses (e.g., O2, N2, and

Ar) is typically of the order of 15 mrad: following Egerton’s (1996) introduction to
elastic scattering based on the Lenz (1954) model, θ0¼ (λZ1/3)/(2πa0), or θ0¼ 6 Z1/3

if measured in mrad and with 300 kV electrons, resulting in, for example, about

15 mrad for O2. Since the fraction of electrons elastically scattered at angles beyond

θ0 is, by definition, 50 %, an Objective Aperture (OA) will necessarily start

“absorbing” electrons when its radius approaches θ0. On the contrary, the data

(see Fig. 3.7) indicates unequivocally that no electrons are intercepted in the OA

plane outside a very narrow window of just 2 mrad (the smallest aperture used was

10 μm in diameter, located approximately 2.5 mm below the sample plane, giving

about 5 μm/2.5 mm¼ 2 mrad radius). Possible geometrical adjustments, such as

considering scattering events happening higher up in the gas chamber, resulting in

an effective z-dependent aperture angular radius, are not a sufficient reconciliation.
In fact, if the objective aperture physical radius is selected to allow any <15 mrad

scattered electrons from the sample plane, any electron that is 15 mrad scattered

above or below the sample plane will not intercept the aperture.

This can be seen from the diagram in Fig. 3.8, where we calculated the effective

aperture radius for axial electrons 15 mrad scattered from an arbitrary location

within the 7.5 mm wide gas chamber (indicated by the blue vertical dashed lines).

In the diagram, distances are measured from the objective lens mid-gap (z¼ 0 mm),

the horizontal dashed line gives the 15 mrad reference, the sample plane (indicated

by the purple line) is positioned to receive planar illumination from the nearest

cross-over (located above the entrance aperture of the gas chamber at z¼�4.7 mm

for the chosen parameter set) and to form its Fraunhofer diffraction pattern at the

OA plane (red line), located at z¼ 2.5 mm. As evident from the diagram, no

gas-scattered electron will be absorbed by the OA just because it was scattered

above or below the sample: gas-scattered electrons above the sample will be kept

within the OA mainly by the focusing effect of the Objective Lens (OL), while

those scattered below the sample will effectively see a larger and larger aperture as

the location of the scattering event approaches the OA plane. Those electrons that

are scattered below the OA plane (where there is still gas) will obviously see no

aperture at all. The focusing effect of the pre-field is particularly important in

determining the effective aperture size, as just by considering straight trajectories

and the geometrical angles involved, one would expect a portion of the electrons
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scattered above the sample to be intercepted by the aperture, as illustrated by the

gray line.

To further illustrate the concept and role of an effective position-dependent

aperture size, we have calculated a set of 10,000 trajectories (100 of which are plotted

in Fig. 3.9) for electrons that are scattered at 15mrad from a random location along the

optic axis within the gas chamber. In Fig. 3.9, we have added a 15mrad “Bragg beam”

(thick orange line) originating from the sample and used to choose the appropriate OA

radius (about 30 μm in this case). We have also added two dashed green lines

indicating the positions of the pole pieces bounding the OL gap. A standard Glaser
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Fig. 3.8 Effective angular size (black line) of a nominal 15 mrad objective aperture (black dashed
line) when referred to a scattering event occurring within the gas chamber at a coordinate z along
the optic axis. The curve differs from a simple geometrical estimate based on straight trajectories

(gray line) due to the focusing effect of the objective lens’ field. Additional colored lines indicate
the position of sample plane (purple), objective aperture plane (red), and pressure-limiting

apertures (dashed blue)

Fig. 3.9 Set of trajectories representing electrons scattered at 15 mrad from a random location

along the optic axis illustrating how, regardless of where scattering occurs, no electron is

intercepted by the objective aperture (red line). The orange line highlights a 15 mrad scattering

event originating at the sample plane (purple line), reaching precisely the edge of the objective

aperture. Other colored lines indicate the positions of the pressure-limiting apertures (blue), and
objective lens pole pieces (green)
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model was used for the OL field (Bmax¼ 2.2 T, a¼OL gap/2¼ 2.85 mm) to facilitate

the computation.

Visual inspection of Fig. 3.9 reveals an important piece of information: while

pre-sample scattering does not remove electrons from the beam, it does influence

dramatically the illumination characteristics. In absence of gas scattering, and with

the chosen electron-optical setup (position of the cross-over, position of the sample,

OL axial field model, etc.) the sample would be illuminated by a 1-μm patch of

planar illumination, while electrons scattered at 15 mrad higher up in the gas

chamber, may end up as far as 30 μm off-axis at the sample plane. This simple

observations hints already at what might be responsible for the observed net

decrease of electrons reaching the CCD: a field-limiting aperture positioned further

down the column, for example, the selected area aperture (SAA), or one of the

entrance diaphragm of the image-corrector. This is better visualized by zooming

the trajectory plot out to the first image plane, in this case located about 6 cm down

the column.

Figure 3.10 reveals that the reference “Bragg beam” originating at the sample

plane makes its way through the OA, and is kept paraxial down to the image plane

where it recombines with all other beams from the sample to form the image. The

rightmost purple line indicates the position of the image plane, and it has an

aperture that corresponds to the 1-μm illumination patch on the sample plane

once rescaled for the OL magnification factor. Almost all trajectories,

corresponding to electrons scattered at almost any position other than the sample

plane, are intercepted by the purple field-limiting aperture. Some electrons are also

intercepted by the lower 400-μm pressure-limiting aperture positioned 17 mm

below the first one (both indicated by the blue lines in the illustration).

The considerations exposed so far provide us with a qualitative explanation as to

why the OA plays no role in “absorbing” gas-scattered electrons while at the same

time the net count reaching the detector may be very small. However, the data

underpinning this analysis tell us that the OA plays no role even for angular

apertures much smaller than the expected neutral-gas characteristic elastic

Fig 3.10 Same set of trajectories as in Fig. 3.9, plotted over a larger scale and illustrating the

importance of further apertures positioned down the column. The third blue line at z¼ 70 mm

indicates a 400 μm aperture that is part of the ETEM system, while the second purple line,
positioned at the image plane, indicates a field-limiting aperture (selected area-type) conjugate

with the 1 μm illumination patch on the sample
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scattering angle, and this is clearly at odds with the diagrams presented above: if we

imagine to reduce the OA radius from 30 μm down to 5 μm (the smallest OA used),

while keeping the gas-scattered electrons at 15 mrad, we would definitely start

“absorbing” electrons directly in the OA plane.

Since the analysis of the effective position-dependent aperture revealed that the

nominal aperture angular radius (referred to scattering from the sample plane) is a

lower limit, in the sense that it is effectively bigger for electrons that are

gas-scattered anywhere else within the gas chamber, we can only conclude that

the characteristic angle for gas scattering is much smaller than what we estimated

on the basis of the Lenz model. Since the atomic weight of the gas is fixed, and so

are temperature, pressure, and beam energy, the only parameter that might result in

a substantial decrease of the characteristic angle is ionization of the gas. We may

imagine, in fact, that as soon as the beam is turned on and electrons start crossing

the gas chamber, a fraction of them will undergo inelastic scattering while ionizing

the gas. In fact, ionization losses are clearly observed in the EELS signal (see

Chap. 4), indicating that the primaries trigger and sustain the generation of free

electrons and ions in the chamber; their recombination will then kick-in, until a

dynamic steady-state equilibrium is reached in the form of a plasma. The charge-

carrier density of the plasma will depend on generation and recombination rates,

and it is important to estimate the beam-induced plasma characteristics, in partic-

ular its Debye length, because the typical elastic scattering angle will depend on it.

In a single-scattering approximation, by combining the stopping power S (in units
of energy/length) of the gas as given by the NIST ESTAR database (Berger

et al. 2005) the mean observed energy loss Ei associated with ionization of the gas

molecules, and a primary beam current density Jp, we can write the volume gener-

ation rate G (in units of number density per unit time, or 1/(m3s)) of electrons as

eG ¼ JpS=Ei

For example, considering P¼ 1 mbar He at room temperature, having a number

density of nHe ¼ P=kBT ¼ 2:4� 1022=m3 (equivalent to a mass density of 4nHeu

¼ 1:6� 10�7 g=cm3) ESTAR estimates a stopping power for 300 keV electrons of

about 36 eV/m, corresponding to a mean loss of 0.27 eV (or 11 ionization events per

1000 primaries) over the 7.5 mm gas chamber. The generation rate according to

(3.1) considering a primary current density of 16 kA/m2 and the He ionization

energy Ei¼ 25 eV is then G¼ 1.5� 1023 1/m3s, which is a very small number: for

comparison, the typical electron-hole pair generation rate in a solar cell under solar

illumination can be 5–7 orders of magnitude higher, and EBIC effects with solid

targets might originate from even larger generation rates. Of course, such a large

difference arises from the low gas density with respect to that typical of solids.

The generated electrons and ions, in the example above He+, will start

recombining, and a steady state is reached when the generation and recombination

rates are equal. Considering a recombination term with the form Knp, and noting

that in this simple picture that disregards the variety of ionic species and charge
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states that are interacting and evolving in higher-Z molecular gasses, the electron

and He+ densities are equal, i.e., n¼ p, the plasma charge density at steady state is

simply np¼ (G/K )1/2. A representative value for the recombination constant

K (Fugol et al. 1971) is about 1� 10�15 m3/s at room T, independent on P, giving
a plasma density of just np¼ 1.2� 1019m�3, corresponding to an average gas

ionization degree np/nHe¼ 250 ppm. The characteristic time for achieving the

steady state can be estimated as τ¼ (GK)�1/2, or 75 μs.
Increasing the gas pressure fourfold leads to a 4� larger gas density, 4� higher

generation rate, 2� larger plasma density, 2� faster steady state achievement, and

2� smaller degree of ionization.
Having neglected generation of higher ionic charge states, as well as core-losses

and secondary ionization, the estimated plasma density is most likely a lower

bound. We have also considered one particular beam current density in this

example, representative of the value it has near the sample plane in our experi-

ments. The simple equation G¼Kn2 we have employed to predict the steady state

plasma density is the residual term of the drift-diffusion transport equation when

both drift and diffusion are absent, i.e., when the charge density in the plasma is

uniform, so that no electric fields and no concentration gradients are present.

However, as the beam converges towards the focal point, the beam current

increases by orders of magnitude, and so does the generation rate, leading to a

higher plasma density in the OA plane. Even more rapid is the decay of the primary

current density at the rim of the illumination patch, where the generation rate drops

to zero over a sub-micron length scale. As a consequence, we cannot expect a

uniform charge concentration throughout the gas chamber, which triggers diffusion

followed by the formation of space-charge regions with non-negligible electric

fields that, in turns, may modify the whole electron-optical configuration in the OL

field region. In particular, measurable variations of the focal length are conceivable

due to the plasma field acting as a weak electrostatic lens on top of the much

stronger OL. Achieving a satisfactory description of the beam-induced plasma in

the gas chamber requires necessarily the full, self-consistent solution of the drift-

diffusion equation in a circularly symmetric three-dimensional volume with the

spatially varying magnetic field of the OL included as an additional term as it

affects the plasma dynamics. As this treatment is beyond the scope of this chapter,

we extend the basic picture developed so far only by considering, when needed, a z-
dependence of the plasma density according to

npðzÞ ¼ ½JpðzÞS=ðeKEiÞ�1=2

while abandoning any quantitative intention.

Once equilibrium is reached, free electrons wandering in the gas chambers start

playing a fundamental role: screening of the ionic Coulomb potential. As it happens

in any physical system with co-existing charge carriers of opposite sign in a

dynamic equilibrium, for example, in semiconductors, electrolytes, or in the iono-

sphere of our planet, an added external charge polarizes the environment resulting
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in an electric field that decays with distance faster than in vacuum. In particular, the

Coulomb potential of an isolated charge in vacuum turns into a Yukawa potential,

also called “screened Coulomb potential”

V rð Þ ¼ e= 4πε0rð Þexp �r=λDð Þ

decaying exponentially over a length scale λD named “Debye length,” which is

defined for a Maxwellian free electron gas with fixed neutralizing background

(“jellium” model) as

λD ¼ ε0kBT=npe
2

� �1=2

For the 1.2� 1019 1/m3 He plasma density calculated earlier when the pressure is

1 mbar, the resulting Debye length at room T is approximately 350 nm. Since the

plasma density depends on the square root of pressure via the stopping power, and

the Debye length depends on the inverse square root of the plasma density,

ultimately we have a relatively weak dependence of λD on pressure, i.e., λD ~P
�1/4.

At 10 mbar pressure, for example, the Debye length is about 200 nm. As we

illustrate in the following, plasma screening occurring at a Debye length scale is

the key concept needed to address the puzzling experimental results, as it affects

dramatically the mean elastic scattering angle we expect from a partially

ionized gas.

The elastic cross sections for electron scattering by ions are very different from

those for neutral atoms. As shown by Peng et al. (2004), ionic scattering factors for

an atomic number Z are decomposed into two terms: the first arising from the fully

screened atom potential f0(q) for a virtual neutral atom with atomic number Z� Zi,
(Zi is the ionic charge) the second originating from the long-range Coulomb

potential of a bare point charge with magnitude Zi, and resulting in a pure Ruther-

ford term:

f ion qð Þ ¼ f 0 qð Þ þ 2γZi= a0q
2

� �

where a0 is the Bohr radius and q¼ 4π/λ sin(θ/2) is the magnitude of the momentum

transfer for a scattering angle θ. Note that we have adopted the notation of Egerton

(1996), while scattering factors in Peng et al. (2004) are tabulated as a function of

s¼ sin(θ/4)/λ rather than as a function of q. At small angles, s and q are simply

related by q¼ 8πs.
As visible in Fig. 3.11, where we consider Au only for illustration purposes since

its scattering factors are readily available, neutral atom and ionic scattering factors

differ in particular at small angles due to the long-range potential of the unscreened

ionic charge capturing electrons at large impact parameters. The small-angle

divergence of the Rutherford cross section for an isolated charge poses a normal-

ization problem. Having a finite total cross section is a necessary prerequisite for

proper accounting of the incoming vs. scattered electrons: if the cross section goes
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to infinity, every electron, no matter how far from the ion, is captured and

undergoes elastic scattering, although essentially all of them are scattered at very

small angles.

In plasmas, however, as discussed above, screening provides a cutoff that keeps

the total cross section finite. To estimate the characteristic plasma-scattering angle,

we proceed heuristically. For neutral atoms, the large-angle (low impact parameter)

cross section is Rutherford, while for small angle it is dictated by Thomas-Fermi

screening of the nucleus potential over a characteristic length r0¼ a0Z
�1/3

(as already used above when estimating θ0). For ions in a plasma, large-angle

scattering remains Rutherford, but small-angle scattering now becomes, and this

is our ansatz, Debye-screening limited, with characteristic length set by the plasma

density-dependent Debye length.

If we then revisit the derivation of the scattering factor in presence of a different

type of Yukawa potential, with screening parameter now equal to the Debye length

in the plasma, we obtain an approximation for the elastic cross section from ions,

which remains finite at q!0 and allows to calculate the total cross section thereby

giving us the opportunity to estimate the effect of ionization on the beam.

Modifying then the Rutherford term in the ionic scattering factor by replacing q2

with q2 þ λ�2
D , and estimating the screened term f0(q) as if it originated from a

neutral atom with atomic number Z�Zi, we arrive at

f ion qð Þ ¼ 2γ=a0 Z � Zið Þ= q2 þ r�2
0

� �þ Zi= q2 þ λ�2
D

� �� �

Note that fion(q)!f (q) when either Zi¼ 0 or λD!r0.
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Fig. 3.11 Scattering factor for neutral Au (blue curve) and Au+ (yellow curve). The purple curve
represents f0(q), originating from the screened portion of the atom potential. The dashed orange

line indicates the characteristic elastic scattering angle for neutral Au, θ0¼ 6� 791/3¼25 mrad,

corresponding to q¼ 8.1 A�1 for 300 keV electrons
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Since the differential cross section is the square modulus of the scattering

amplitude, by integrating j fion(q)j2 over the unit sphere we obtain the total elastic

cross section of a Debye-limited ion, of which we keep only the (overwhelmingly)

dominant term proportional to λD:

σe, ion ¼ 4πγ2Zi
2λ2D= a20k

2
0

� �

to be compared with the neutral atom total elastic cross section calculated within

the Lenz model

σe ¼ 4πγ2Z4=3=k20

Since, the ratio σe,ion/σe is proportional to λ2D/a
2
0, and the Debye length, typically

sub-micron as found earlier, we conclude that the elastic cross section is plasma-

enhanced by several orders of magnitude. Imagining the total cross section as a

circle, its radius expands from something at the Angstrom scale, to something much

larger, comparable or larger than the beam size (depending on where we are along

the optic axis). While consistent with the diverging trend of the Rutherford cross

section for an unscreened charge, this implies that we cannot remain in the single-

scattering approximation, or consider concepts such as “fraction of scattered

(or unscattered) electrons,” “scattering probability” as meaningful in presence of

an ionized gas, even when the degree of ionization is low. In fact, reconsidering the

plasma density (250 ppm of the gas number density) obtained at 1 mbar pressure,

this corresponds on average to just a few ions per cubic micron, and therefore every

primary will be elastically scattered several thousand times over its 7.5 mm long

path within the gas chamber. Each time, the angular distribution broadens a little

according to a Lorentzian-type probability density function, exactly as from a

neutral atom, except that the characteristic angle now is θp¼ 1/(k0λD) instead of

θ0¼ 1/(k0r0). For 300 keV electrons and λD¼ 350 nm, θp¼ 1 μrad.
We have plotted in Fig. 3.12 ten unscattered (grey curves) and 1-μrad scattered

(orange curve) trajectories for electrons traversing the gas chamber (bounded by the

blue dashed lines) under the influence of the OL field (OL gap bounded by the green

Fig. 3.12 Unscattered (gray) and 1-μrad gas-scattered (orange) trajectories within the gas cham-

ber. The effects of gas scattering are visible both at the sample plane (purple line) and at the OA

plane (red line), as the spatial and angular distributions of the illumination broaden progressively
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dashed lines). As before, the electron-optical configuration was chosen to simulate

a 1-μm patch of planar illumination at the sample plane (indicated by the dashed

purple curve) forming its Fraunhofer pattern at the OA plane (red dashed line).

Scattered and unscattered trajectories coincide at the entrance aperture of the

chamber, and they progressively differentiate as scattering from the gas ions

accumulates.

To better visualize how the beam evolves in presence of gas, we have sampled

the spatial and angular distribution of the beam in the sample, OA and image plane,

and created histograms representing the beam spatial and angular profiles in those

planes. The histograms are shown in Fig. 3.13, for He pressure of 1 and 20 mbar,

corresponding to mean scattering angles of 1 and 2 μrad, respectively. As sketched
in Fig. 3.13, in absence of scattering the beam has a top-hat/delta (spatial/angular)

profile in the sample plane, a delta/top-hat profile in the OA plane, and a top-hat/

top-hat profile in the image plane. Gas scattering broadens progressively all distri-

butions, with the most significant effect occurring in the image plane where about

11 % of the incoming electrons are transferred outside the illumination patch,

thereby lowering proportionally the observed intensity per pixel around the central

portion of the illuminated area.

3.3.1 Influence on Material Observations

As discussed above, scattering of electrons on the gas molecules present near the

sample of interest in environmental TEM has a significant impact on the micro-

scope performance. However, the interaction between the gas and fast primary

electrons as well as secondary electrons might change the properties of the gaseous

environment and thereby lead to artefacts in the sample observations.

However, the combination of the electron beam and gas molecules in the

transmission electron microscope can been used for electron beam-induced depo-

sition (van Dorp et al. 2011) and is thereby not always to be considered as an

artefact.

In the following, a few examples of the more indirect influence on the micros-

copy observations originating from the interactions between the gas molecules and

the free electrons are discussed.

3.3.2 Ionization of Gas Molecules

Damage or modifications of the observed samples due to the, at times, high current

density is a well-documented phenomenon in the electron microscopy society. In

general, two types of beam damage are considered in the TEM: Knock-on damage

and radiolysis. The former is caused by displacement of atoms in the sample by

momentum transfer from fast primary electrons to atoms in the sample. Usually,
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this can be minimized by lowering the energy of the electron beam (Egerton

et al. 2010; Smith and Luzzi 2001). Radiolysis is caused by fast electrons modifying

the chemical bonds in the sample, leading to changes in the electronic structure and

thereby stability of the sample. This type of damage is usually larger for lower

electron beam energies due to the larger interaction cross section. Examples of

beam-induced chemistry can be found in the electron beam-induced reduction of

molybdenum and vanadium oxides as described by Su et al. (Su et al. 2001; Wang

et al. 2004). In addition to the beam damage observed in conventional TEM,

ionization of gas molecules as a result of the interaction between free electrons

and gas leads to increased reactivity. Therefore, it is very important to perform the

ETEM experiments as a function of beam current density to explore the effects of

ionized gas molecules near the sample.

As an example, the development of MgO smoke particles covered with Au

nanoparticles in the presence of water vapor has been studied in situ in the electron

microscope. MgO smoke particles produced by ignition of an Mgmetal ribbon form

close-to-perfect cubes exposing the MgO (100) surfaces. These cubes serve as a

perfect substrate for studying nanoparticle-support interactions and especially the

interface between. Gold is sputter-coated onto the cubes forming 2–6 nm epitaxially

oriented Au nanoparticles.

Figure 3.14 summarizes our findings on the effect of electron dose and water vapor

pressure in the vicinity of the sample. All experiments are performed at room

temperature. The images are extracted frames from movies after approximately

30min exposure in each case. At low pressure (P¼ 10�5 Pa) and relative low electron

dose rate (0.1 A/cm2) the surface mobility is observed to be relatively small. In

conventional high-vacuum TEM mode (including the use of a cold trap to minimize

the water vapor pressure), the column base-pressure is ca. 10�5 Pa. Increasing the

electron dose or the pressure by leaking in water vapor increases the mobility ofMgO

species on the surface resulting in the formation of kinks and steps.At increasingwater

vapor pressure, the species diffusing at the MgO surfaces start to accumulate at the

Au/MgO interface. At relatively high electron dose rate (1.0 A/cm2) and a pressure of

10�4 Pa pillars grow from the cubes apparently catalyzed by the Au nanoparticles.

Au-catalyzed MgO pillar growth has been reported earlier (Ajayan and Marks 1989;

Nasibulin et al. 2010), but in the present study, the effect of the environment has been

addressed in greater detail. Even a low partial pressure of water vapor (10�5 Pa) has an

apparent effect on surface species mobility in the Au/MgO system.

Pure MgO-smoke particles are known to hydroxylate under electron irradiation in

the presence of water (Gajdardziska-Josifovska and Sharma 2005) modifying the

perfect (100) surfaces of the MgO cubes. MgO species (Mg+, (MgO)+) are mobile on

the surface of the cubes as a result of the energy transferred from both primary and

secondary electrons (Kizuka2001) creating steps andkinks on theMgO(100) surfaces.

The Au/MgO interface acts as a collection point (due to negatively charged

metal particles) where the highly mobile MgO species are trapped and recrystallize

in pillars. The presence of water species in the surrounding environment influences

the charge transfer in the system changing the overall energy landscape. The change

in behavior of the system in the presence of water vapor under electron beam
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irradiation illustrates the necessity for addressing the additional energy and radicals

introduced when dealing with gases, even at room temperature. The thresholds of

these beam- and gas-induced effects are strongly dependent on the material system

and have to be studied systematically in each case.

As illustrated above the presence of gas molecules and especially water, even in

low concentration, can change the observation in the electron microscope drasti-

cally. Cavalca et al. has been studying the photodegradation of cuprous oxide in the

presence of water in situ in the electron microscope by means of a purpose-built

TEM sample holder capable of letting light into the microscope in a controlled

manner (Cavalca et al. 2012, 2013). The degradation of the cubed cuprous oxide

nanoparticles observed by the authors in the presence of water and light to metallic

copper is due to electron transfer to water molecules absorbed on the Cu2O surface.

Fig. 3.14 TEM images of Au on MgO smoke cubes. The images are stills extracted from movies

acquired at 300 kV in a FEI Titan ETEM. The Au/MgO sample was exposed to different electron

dose rates (0.1 and 1.0 A/cm2) at different pressures (10�5 and 10�4 Pa) for approximately 30 min

in each case. The scale bars are 5 nm. Figure adapted from Duchstein et al. (2014)
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The electron transfer is facilitated by creation of electro-hole pairs by means of

light. The observations had to be performed in a pseudo in situ manner as the

electron beam accelerated the process by orders of magnitude. The electron beam

did not degrade the Cu2O nanocubes without the presence of water in the sample

vicinity. That implied that imaging of the process had to be performed in the

absence of water and a “stop-and-go” protocol was used by alternating between

imaging in vacuum and treating the sample in water and the presence of light, but

without irradiating the sample with electrons (see also Chap. 8).

It is obvious that extra care has to be taken when performing electron micros-

copy experiments in the presence of gas. The observations by environmental TEM

have to be compared at different beam currents and beam current densities. Ideally,

the observations have to be evaluated without the electron beam as well (Hansen

et al. 2013). These blank experiments will, together with complementary experi-

ments by other means than electron microscopy, help to justify the observations

made in the presence of gas in situ in the microscope (Hansen et al. 2002). An

example of the importance of studying the electron beam effect in environmental

TEM experiments is reported by Simonsen et al. (2010). The authors studied the

electron beam effect on the observation of Pt nanoparticle sintering mediated by

Ostwald ripening. The shrinkage rate of Pt nanoparticles supported on Al2O3 was

measured with an electron beam current density from 0.07 to 1.0 A/cm2 in the

presence of 1000 Pa air at 400 �C. The shrinkage rate showed a clear linear

dependency on the beam density in the measured range as viewed in Fig. 3.15.

The lack of shrinkage without the electron beam or with electron beam in pure N2

Fig. 3.15 The mean

particle diameter shrinkage

rate and the number of

coalescence events of the

Pt/Al2O3 catalyst during

exposure to 1000 Pa air as a

function of beam current

density at constant

temperature (400 �C).
Figure adapted from

Simonsen et al. (2010)
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concludes that the effect is a combined electron beam and oxidizing gas effect.

In order to follow the dynamical time-resolved Ostwald ripening the authors

minimized the beam current to 0.07 A/cm2 and only acquired snapshots during

several hours of treatment arguing that the observed electron beam-induced nano-

particle shrinkage could be neglected at the given total electron dose in comparison

to the total effect observed.

It is not only the beam current but also the total dose, which plays a role in the

electron beam-induced phenomena observed during ETEM experiments. The struc-

ture evolution under electron beam irradiation of the Au/TiO2 system for CO

oxidation is studied in detail by Kuwauchi and co-workers (2012). The Au-TiO2

is found to be strongly influenced by the surrounding gas in combination with the

intense electron beam as summarized in Fig. 3.16. In the presence of oxygen or

Fig. 3.16 Structural changes of Au/TiO2 catalyst under different gases varying the electron

current density, φ, and the total dose, D, observed in ETEM. (a) Vacuum, (b) 100 Pa of O2, (c)
100 Pa of CO/air (1:100). All observations at room temperature. The color coding represents the

categorized types of structural changes of the Au/TiO2 system. Figure adapted from Kuwauchi

et al. (2012)
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carbon monoxide and an intense electron beam, TiO2 decorates and encapsulates

the Au nanoparticles at higher beam current. An interesting observation is that the

decoration of Au nanoparticles by TiO2 is found even without gas present, although

at lower beam currents, but the complete encapsulation requires CO or O2. Increas-

ing the beam current in vacuum results in a heavily damaged TiO2 support at beam

currents above approx. 50 A/cm2. This is not observed in the presence of CO or O2

at similar beam currents. This indicated that the electron beam-induced damage of

the TiO2 support is compensated by the gas species in the sample vicinity. Ionized

gas species might act as oxygen donor to the support. The authors showed that both

the current density of the beam and the total dose of the high-energetic electrons

have to be taken into consideration when designing the experiment.

3.4 Conclusion and Outlook

The interactions between the electron beam and the gas surrounding the sample

results in a non-negligible effect on the microscope performance. The more pro-

nounced effects are the loss of intensity and loss of resolution with increasing

pressure, increasing atom-number of the gas, and decreasing acceleration voltage of

the microscope. However, by getting a better insight in the physics behind the gas–

electron scattering and the contribution to the resulting electron microscope image,

quantitative ETEM might be obtainable.

The conventional approached for gaining three-dimensional information of the

materials in the TEM, such as electron tomography, is usually not possible in

ETEM dynamical ETEM experiments due to the relative long acquisition time.

However by relating the intensities and contrast of single images to the sample

geometry as demonstrated by Jia et al. (2014) in conventional aberration corrected

electron microscopy will add significantly to the dynamic studies where tomogra-

phy is not an option. In order to adapt the single-shot three-dimensional imaging a

full understanding of the imaging process is required, including the electron–gas

interactions occurring throughout the microscope column.

Furthermore, the increased reactivity of ionized gases has to be taken into

account. A good practise when performing ETEM experiments is to study the

influence on beam current density and total dose on the observations and ideally

compare with complementary non-electron beam based techniques.
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