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On the role of the gas environment, 
electron-dose-rate, and sample on the image 
resolution in transmission electron microscopy
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Abstract 

The introduction of gaseous atmospheres in transmission electron microscopy offers the possibility of studying mate-
rials in situ under chemically relevant environments. The presence of a gas environment can degrade the resolution. 
Surprisingly, this phenomenon has been shown to depend on the electron-dose-rate. In this article, we demonstrate 
that both the total and areal electron-dose-rates work as descriptors for the dose-rate-dependent resolution and are 
related through the illumination area. Furthermore, the resolution degradation was observed to occur gradually over 
time after initializing the illumination of the sample and gas by the electron beam. The resolution was also observed 
to be sensitive to the electrical conductivity of the sample. These observations can be explained by a charge buildup 
over the electron-illuminated sample area, caused by the beam–gas–sample interaction, and by a subsequent sample 
motion induced by electrical capacitance in the sample.
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Background
The understanding of chemical processes at solid surfaces 
should benefit from observations made at the atomic 
scale. While transmission electron microscopy (TEM) 
has become a prime technique for visualizing matter at 
atomic resolution, such investigations have mainly been 
conducted under high vacuum conditions. High-reso-
lution TEM capabilities have recently been extended by 
the introduction of differentially pumped vacuum sys-
tems [1–6] and closed, electron-transparent cells [7–11] 
that allow relevant gas environments to be confined 
to the specimen region. Hereby, solid materials can be 
immersed in chemically relevant environments, while 
the number of atoms traversed by the electron beam is 
reduced sufficiently to enable observations in  situ by 
means of TEM.

With this instrumentation, a vast number of reports 
have unveiled new important information about atomic 
dynamics at gas–solid interfaces, as reviewed in, e.g., 

references [12–15]. In contrast, only a few studies have 
addressed the physical mechanisms by which the addi-
tional electron scattering by the gas environment con-
tributes to the image formation. This scattering has 
experimentally been shown to depend on the extension, 
atomic density, and elemental composition of the gas 
environment, and has been suggested to be both elastic 
and inelastic in origin [5, 16–21]. As a consequence, the 
electron beam is broadened during its passage through 
the gas environment, and the resulting image signal is 
reduced correspondingly. Moreover, calculations sug-
gest that the increased spread of illumination angle and 
energy will further act by blurring the image and offset-
ting the image signal at higher magnifications [18, 21, 22]. 
Overall, these effects indicate that the highest achievable 
resolution should be signal dependent and thus sensitive 
to the accumulated electron dose.

A few studies have addressed experimentally the 
achievable image resolution for solids immersed in gas 
environments and confirmed the signal-dependent res-
olution [5, 9, 17, 18]. Surprisingly, it has become clear 
that the signal loss cannot boundlessly be compensated 
for by only increasing the electron accumulation during 

Open Access

*Correspondence:  sth@topsoe.dk 
1 Haldor Topsoe A/S, Haldor Topsøes Allé 1, 2800 Kgs Lyngby, Denmark
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5705-8495
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40679-016-0018-x&domain=pdf


Page 2 of 8Ek et al. Adv Struct Chem Imag  (2016) 2:4 

image acquisition. Studies reporting measurements of 
the image resolution as a function of gas pressure have 
demonstrated a dependency on either the areal (Jin-
schek and Helveg [5]) or total (Bright et al. [16], and more 
recently Wagner and Beleggia [17]) electron-dose-rate. 
Thus, the apparent image resolution depends on the way 
in which the electrons are delivered in addition to the 
number of electrons accumulated on the detector. As a 
hypothesis, the dose-rate dependency of the resolution 
was attributed to inelastic interactions between the pri-
mary electrons and gas molecules [5, 16]. This proposal 
is consistent with the observation of a more pronounced 
dose-rate dependency for N2 compared to H2, and for a 
primary electron energy of 80 compared to 300 keV, cor-
responding to higher inelastic electron-scattering cross-
sections [5]. Jinschek and Helveg additionally speculated 
that a local charging of the illuminated specimen area 
could be causing motion of the specimen through a 
capacitive effect, whereby smearing of the smallest image 
features leads to degradation of the resolution. As the 
degree of charging of the specimen depends on its elec-
trical conductivity, this parameter is expected to also play 
a role for the achievable resolution.

In this contribution, we will examine the dose-rate 
dependency of the achievable TEM resolution of a solid 
specimen immersed in a gas environment in further 
detail. First, we address the relationship between the 
previously reported areal and total dose-rate dependen-
cies of the resolution and establish a coherent description 
of the phenomena. Second, we show that the resolution 
decays over time at high electron-dose-rates and that 
the resolution furthermore improves for a specimen 
with an increased electrical conductivity. These findings 
give experimental support for the proposal by Jinschek 
and Helveg [5] that charge accumulated on the sample 
as a result of the beam–gas–sample interactions repre-
sent a cause for the dose-rate dependency of the image 
resolution.

Methods
The image resolution limits were examined using a FEI 
Titan 80–300 ETEM operated with a primary electron 
energy of 300 keV and with 5 mbar N2 added to the sam-
ple region. At these conditions, an electron-dose-rate-
dependent resolution degradation was reported in a 
previous study [5]. The total dose-rate (beam current) and 
the areal dose-rate (beam current density) are connected 
via the area of the illumination. A change in total dose-
rate can be accomplished by changing the illumination 
area at a fixed areal dose-rate, which in practice is most 
easily done by changing the condenser aperture. The total 
dose-rate can also be varied by changing the areal dose-
rate for a fixed illumination area, which can be done by 

changing the first condenser lens, or second gun anode, 
and compensating for any change in beam size with the 
lower condenser lenses. Likewise, the areal dose-rate can 
be changed either by changing the total dose-rate for a 
fixed illumination area, or by changing the illumination 
area at a fixed total dose-rate by spreading or contract-
ing the electron beam using the lower condenser lenses. 
Here, the variation in total dose-rate was accomplished 
by changing the second condenser aperture, which kept 
the areal dose-rate constant. Variation in areal dose-rate 
was accomplished by changing the second and third con-
denser lenses to spread out or contract the electron beam 
on the sample at a constant total dose-rate.

At each setting, the total and areal electron-dose-rates 
and illumination diameters were measured in vacuum 
with no sample in the field-of-view from images acquired 
at a lower magnification, such that the entire electron 
beam was included on the charge-coupled device (CCD) 
camera (Gatan US1000). The summed intensity from 
the whole image was used to calculate the total dose-
rate, and the average pixel intensity in the central ca. 
50 ×  50  nm2 area was used to calculate the areal dose-
rate. A factory-provided conversion factor of 3.8 counts/
e− was used to convert the intensities to the dose-rates. 
The dose-rates were in this way consistently noted for the 
electron beam incident on the gas environment and sam-
ple, and therefore excluded any signal attenuation due to 
electron scattering by the gas and sample. To aid in the 
comparison with previous reports, it can be noted that 
the total dose-rates reported here of ca. 2–20 × 109 e−/s 
correspond to 0.3–3 nA, and that the areal dose-rates of 
ca. 500–5000 e−/(Å2s) correspond to 0.8–8 A/cm2. This 
covers approximately the same range of dose-rates stud-
ied by Jinschek and Helveg [5] and Bright et al. [16].

For Figs.  1, 3, and 4, single exposure images were 
acquired using the pre-specimen beam blanker to define 
the image acquisition times. This means that the sample 
and gas was only illuminated by the electron beam for 
the duration of the acquisition time. These times were 
varied to compensate both for the variations in the areal 
dose-rate and the signal attenuation due to electron scat-
tering by the gas, so that all images were acquired with 
the same number of electrons collected on the CCD cam-
era. The reference point was set to a 1 s acquisition at the 
medium areal dose-rate in vacuum. The required acqui-
sition times varied between 0.25  s for the highest areal 
dose-rate in vacuum to 6 s for the lowest areal dose-rate 
in 5 mbar N2. This strategy was adopted to avoid signal 
limitations on the measured resolution in any image [5]. 
At shorter acquisition times, the image resolution was 
similar or reduced, which rules out that the resolution 
reduction at longer acquisition times was caused by sam-
ple or defocus drifts. The high-resolution TEM images 
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were acquired from 49 × 49 nm2 areas with a sampling 
of 0.024  nm/pixel. These images were used to calculate 
the Fast Fourier Transforms (FFTs) in each figure and 
are represented by cropped displays in Additional file 1: 
Fig. S1 and Fig. S2, respectively. The FFTs are displayed 
with the same contrast limits. For example, a low limit 
and a high limit of 0 and 1.5 × 105 counts, respectively, 
are used for Fig. 1. Typically small variations below 10 % 
in the total collected signal remained after the compen-
sation by the exposure times, and the high contrast limit 
for a series of FFTs was adjusted accordingly. This aids in 
the visual comparison of the FFTs, and has no effect on 
the measured resolution.

For Fig.  2, series of images were recorded back-to-
back in rapid succession with 0.2 s acquisition times in 
order to monitor the image resolution as a function of 
time. The image series were acquired from 49 × 49 nm2 
areas using a reduced sampling of 0.048  nm/pixel, 
resulting in a recording rate of approximately 1 frame 
per second. The FFT of each frame in the series was 
radially unwrapped, background subtracted, and finally 
averaged to produce the radial profiles shown in Fig. 2. 
The details of the image processing are given in Addi-
tional file 1: Fig. S3.

The image resolution was measured from two samples 
that differ in mechanical and electrical properties. The 
first sample consisted of a standard copper grid covered 
with an amorphous carbon film pre-loaded with gold–
palladium nanoparticles (Agar S106). This type of sample 
was also used for the studies by Jinschek and Helveg [5] 
and Bright et al. [16] and therefore facilities a comparison 
with the present examination. This sample is hereafter 
referred to as the gold-on-carbon sample as the palladium 
content can be neglected for the purpose of this study. 
The second sample was a microelectromechanical sys-
tem (MEMS) device (Protochips Aduro [23]). The MEMS 
device contains a partially crystalline SiC film. As the SiC 
film can be resistively heated, its temperature-dependent 
properties can be systematically changed, and their influ-
ences on image resolution be addressed while maintain-
ing an identical structure and composition of the sample. 
The image resolution was measured at 40 or 400 °C in the 
presence of 5 mbar N2. The elevated temperatures were 
obtained by passing an electrical current through the 
film. The manufacturer provided a temperature calibra-
tion obtained under high vacuum conditions. To com-
pensate for the increased heat transfer by a surrounding 
gas atmosphere, the heater current was increased to 
maintain the SiC film resistance equal to the value cor-
responding to the manufacturer’s vacuum calibration for 
a given temperature [24].

For both samples, the image resolution was defined as 
the highest spatial frequency lattice fringe present in a 

corresponding high-resolution TEM image. This “fringe 
resolution” is known to be an imperfect measure of res-
olution in TEM [25], but remains useful for discerning 
trends in the underlying “true” resolution.

Results and discussion
Figure  1 shows FFTs of images acquired from the gold-
on-carbon specimen in 5  mbar  N2 as a function of the 
total and areal electron-dose-rates. The achieved image 
resolution is estimated from the highest spatial frequency 
lattice fringe transferred to the image, as indicated by the 
superimposed dashed circles. As a function of the total 
dose-rate, the image resolution was close to the inherent 
information limit of the microscope at the lowest value 
and decreased at higher values, as previously reported 
by Bright et  al. [16]. On the contrary, a variation of the 
areal dose-rate at a constant total dose-rate had negligi-
ble effect on the resolution. Thus, the resolution did not 
depend on how the electrons were distributed across the 
sample. This is particularly clear at the lowest total dose-
rate, where the intrinsic resolution was maintained for 
all areal dose-rates. At the intermediate total dose-rate 
(7.5 ×  109 e−/s), the 220 reflection did disappear at the 
lowest areal dose-rate, which could indicate a resolution 
reduction from the 220 reflection, corresponding to a lat-
tice spacing of 1.4 Å, to the 200 reflection, correspond-
ing to a lattice spacing of 2.0 Å. However, the intensity of 
the 220 reflection was low in all FFTs at the intermediate 
total dose-rate. Its presence was therefore highly sensitive 
to sample drift during longer exposure times or reduced 
signal at shorter acquisition times for the lowest areal 
dose-rate. The absence of the 220 in this case is therefore 
more indicative of the sample stability and signal limita-
tion, rather than direct beam–gas–sample interactions. 
At the highest total dose-rate, the crystal lattice reflec-
tions were all absent.

At first glance, this finding seems to contradict the 
observations of Jinschek and Helveg [5], who demon-
strated a clear improvement of the resolution at reduced 
areal dose-rates. However, it is important to distinguish 
whether the reduction in areal dose-rate is accomplished 
at a constant total dose-rate or at a constant illumina-
tion area. In the diagram in Fig. 1, varying the dose-rate 
diagonally corresponds to keeping the illumination area 
roughly constant as indicated by the disk superimposed 
in each FFT. Varying the areal dose-rate along the diago-
nal will clearly result in an improvement of the achiev-
able resolution, and this was the method employed by 
Jinschek and Helveg (personal communication). In fact, 
as a reduced areal dose-rate at a constant illumina-
tion area also implies a reduced total dose-rate, the two 
studies are actually in agreement and describe the same 
phenomenon.
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Although the total dose-rate and areal dose-rate at a 
constant illumination area are equally valid descriptors 
for the TEM image resolution of specimens immersed 
in a gas environment, the latter has significant advan-
tages. For example, while contracting the beam at a con-
stant total dose-rate has no effect on the resolution, it 
will increase the extent of beam-induced changes to the 
sample as these are reported to be determined primar-
ily by the areal dose-rate [26–30]. Conversely, expand-
ing the electron beam puts surrounding areas at risk for 
unintentional exposure and structural alterations. Such 
changes may not always be visible immediately, but can 
have long term consequences for the dynamic behavior 
of the sample in the gas environment [31]. Observations 
from liquid cell in situ TEM furthermore show that ion-
ized species formed outside the imaged area when using 
an overly expanded illumination can have large effects 
on the observed reactions [32, 33]. For these reasons, we 
suggest that the best practice will be to always report the 
areal dose-rate and illumination area and keeping the lat-
ter as closely matched to the imaged area as possible.

The images for Fig.  1 were recorded using the pre-
specimen beam blanker, which deflects the electron 
beam well above the sample and gas and thereby lim-
its the interaction of the electron beam with the speci-
men and gas to only the time used for the actual image 
acquisition. This procedure proved beneficial because 
the resolution degraded over time when the sample 
was illuminated with the electron beam. Figure 2 shows 
this temporal development of the resolution using 
radial profiles of FFTs calculated from series of images 
recorded back-to-back in rapid succession with short 
acquisition times (0.2  s). The first series was recorded 
at an intermediate total dose-rate (Fig. 2a) and showed 
a noticeable decrease in the resolution from the initial 
1.2  Å to the final 2.0  Å over approximately 20  s. This 
gradual reduction in resolution is decidedly not due to 
accumulation of beam-induced changes at the imaged 
area because the subsequent series (Fig.  2b), recorded 
from the very same area at a low total dose-rate, showed 
that the resolution had recovered to a time-independ-
ent value of ca. 1.1  Å. At the highest total dose-rate, 
the resolution was reduced to 2.0 Å already within the 
first frame after un-blanking the electron beam (Fig. 2c). 
This finding indicates that the resolution decayed much 

Fig. 2 Time-dependent resolution during prolonged electron illumi-
nation. Radial profiles of FFTs from a series of images recorded back-
to-back, after unblanking the electron beam at time 0 s, with 0.2 s 
acquisition times in 5 mbar N2. The image series were acquired from 
the same area on the gold-on-carbon sample with a near-continuous 
illumination at three different total dose-rates in the chronological 
order, a (6.3 × 109 e−/s), b (1.6 × 109 e−/s) and c (15 × 109 e−/s). 
An areal dose-rate of 5600 e−/(Å2s) was used for all three series. The 
dashed lines outline the smallest lattice spacing in the images

Fig. 1 Image resolution for a gold-on-carbon sample in 5 mbar N2 
as a function of total and areal electron-dose-rates. The displays are 
FFTs of high-resolution TEM images (Additional file 1: Fig. S1). The 
image resolution is denoted for each illumination condition and 
corresponds (as indicated by a dashed circle) to the lattice fringe with 
the highest spatial frequency, except at the highest total dose-rate 
at which the resolution represents an estimate from the onset of the 
sudden drop in intensity in the FFTs. The inset in the upper right corner 
of each FFT shows the corresponding result from an image acquired 
in vacuum. In each FFT, the disk denotes the relative size of the illu-
minated sample area and varied from 50 to 600 nm in diameter. Disks 
colored yellow and red corresponds to identical diameters of 100 and 
200 nm, respectively
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faster at the highest total dose-rate than at the lower 
total dose-rates.

In view of these observations, the advantage of using 
the intermittent acquisition strategy described for Fig. 1 
can be attributed to the suppression of the gradual res-
olution degradation that would have occurred under 
a prolonged illumination by the electron beam. This is 
illustrated by the intermediate total dose-rate series in 
Fig.  2a: a prolonged illumination by the electron beam 
prior to the acquisition would in this case rapidly have 
limited the resolution to 2.0  Å, rather than the 1.2  Å 
present in the initial frames. It should be noted that the 
resolution degradation at high total dose-rates cannot 
boundlessly be mitigated by this acquisition strategy. 
Acquisition times below 0.2  s would, for example, be 
required to preempt the resolution decay at the highest 
total dose-rates reported here (see Fig.  2c). Such short 
exposure times will inevitably lead to limitations due to a 
low signal-to-noise ratio instead.

The fact that the resolution degradation occurred 
gradually over tens of seconds (Fig.  2a) indicates that it 
is related to a dynamic response of the sample under the 
electron illumination. This response is influenced by the 
gas environment, because the resolution was unaffected 
by both the total and areal dose-rates in vacuum, as 

shown in Fig. 1. However, the solid sample must also be 
involved in the resolution degradation, because marked 
variations were observed between different areas on 
the gold-on-carbon sample. For instance, the maximum 
attainable resolution varied between 1.2–2.0  Å at the 
intermediate total dose-rate (Fig.  3) and 2.0–4  Å at the 
highest total dose-rate. Although the absolute values of 
the resolution varied between different areas, the trends 
shown in Fig. 1 were commonly found within each indi-
vidual area. Similarly, the rate at which the resolution 
degraded over time also varied from area to area com-
pared to the example given in Fig.  2, as illustrated by 
Additional file 1: Fig. S4. The variability between different 
areas was not due to differences in image signal caused 
by differences in the size, orientation, or stability of the 
deposited gold particles. This is evident from the obser-
vation that the intrinsic resolution of the microscope was 
consistently achieved and maintained over long periods 
of time at the lowest total dose-rate, as exemplified for 
one additional area in Fig. 3. The variability between dif-
ferent areas on the sample for identical gas and illumi-
nation conditions therefore indicates that the resolution 

Fig. 3 Location dependency of the image resolution. The displays 
show FFTs of images recorded from two different areas of the 
gold-on-carbon sample in 5 mbar N2 using a low areal dose-rate of 
480 e−/(Å2s). The images from area a are the same as used in Fig. 1, 
and the images from b were recorded from a distant area. The image 
resolution is denoted for each display and corresponds to the highest 
spatial frequency lattice fringes (indicated by a dashed circle). While 
the measured resolution at the low total dose-rate was equivalent for 
the two areas, the reduction in resolution at the higher total dose-
rate was markedly smaller at area b than at area a. The contrast for 
a set of strong 220 lattice fringes (black box) is given as the intensity 
of the corresponding spot in each FFT relative to the intensity of 
such fringes in area b at low total dose-rate. The relative higher 220 
intensity in a than in b at the low total dose-rate indicates that its 
disappearance at the higher dose-rate is not due to a signal limitation 
caused by the properties of the gold particles

Fig. 4 Image resolution for a SiC film as a function of the total dose-
rate, N2 pressure and temperature. The displays show FFTs of high-
resolution TEM images of the partially crystalline SiC film (Additional 
file 1: Fig. S2). The image resolution is denoted for each condition and 
corresponds to the lattice fringes with the highest spatial frequency 
(as indicted by a dashed circle). Images were acquired at two different 
temperatures of 40 and 400 °C. At 5 and 15 mbar N2, the displays are 
cropped to show the left and right half of the FFTs of the full images 
acquired at 40 and 400 °C, respectively. The illumination diameter was 
fixed as 100 nm for the lowest total dose-rate, resulting in a constant 
areal dose-rate of 1600 e−/(Å2s). The same areal dose-rate was used 
also for the higher total dose-rates
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reduction depends on local properties of the sample, 
for example, its propensity for charging under the elec-
tron beam. Charges accumulated locally in the sample 
could be an important factor in the resolution degrada-
tion as argued by Jinschek and Helveg [5]. In comparison, 
recent TEM observations made in situ using a liquid cell 
showed that sample charging can induce movements in 
nanoparticles [34]. The amount of charge buildup in the 
illuminated sample area will depend on the impinge-
ment rate of primary electrons, the secondary electron 
yield from the specimen upon impact, and the local 
electrical conductivity of the specimen [35, 36]. The 
sample can subsequently interact either through charge 
exchange or electrostatics with the surrounding free 
space charge formed due to the ionizability of the gas 
molecules, which would explain the role of the gas phase 
on the time-dependent resolution. The ionization of the 
gas molecules can be caused both by primary electrons 
entering the specimen area and by secondary electrons 
ejected from the specimen. However, in TEM, the sec-
ondary electron yield is typically low (of the order of 1 
secondary electron per 100 primary electrons) [36]. Fur-
thermore, the majority of the secondary electrons pro-
duced will have too low energy to ionize gas molecules 
[36]. Therefore, it is likely that the secondary electrons 
mainly affect sample charging, and that it is the primary 
electrons which dominate gas ionization.

The role of the sample material was addressed by an 
examination of the SiC MEMS sample. Figure  4 shows 
FFTs of TEM images of the SiC film and illustrates the 
effect of the total dose-rate on the resolution under vac-
uum (10−6 mbar), 5 and 15 mbar N2. In vacuum, a lattice 
fringe resolution of 1.2–1.3 Å was typically achieved. The 
apparent lower resolution measured from the SiC film 
compared to the gold-on-carbon sample is attributed to 
the lower electron-scattering power of SiC that reduces 
the contrast for all lattice fringes and thereby the meas-
ured resolution. For the SiC film, a measured resolution 
of 1.2–1.3 Å is therefore taken as an indication that the 
intrinsic resolution of the microscope was maintained. 
Thus, even if the absolute values differ slightly, the trends 
in resolution with electron-dose-rate can still be com-
pared for the two sample types (Figs. 1, 4).

As shown by the two first columns at 40  °C in Fig.  4, 
increasing the total dose-rate had no measurable effect 
on the measured resolution in vacuum but led to a reso-
lution degradation in 5 mbar N2 similar to the gold-on-
carbon sample. The SiC film, however, appeared to be 
less sensitive to the total dose-rate than the gold-on-car-
bon sample, as the resolution at 5 mbar N2 was retained 
at the intermediate total dose-rate (7.5 ×  109 e−/s) and 
remained better than 2  Å at the highest total dose-rate 

(18 × 109 e−/s). At 15 mbar N2 (40 °C), the intrinsic reso-
lution for the SiC film could be maintained only for the 
lowest total dose-rate, but even at this pressure 2.4  Å 
fringes remained at the highest total dose-rate. These 
observations demonstrate that the resolution was main-
tained for the SiC sample to higher total dose-rates than 
for the gold-on-carbon sample under the same experi-
mental conditions, and are thus further evidence that the 
sample plays a crucial role.

The specific reasons for the increased tolerance to high 
total dose-rates for the SiC sample are difficult to dis-
cern. Possibilities include a higher electrical conductiv-
ity from the illuminated area to the specimen holder, a 
reduced secondary electron yield, or a higher degree of 
mechanical stability. The SiC film in the MEMS device 
can be resistively heated [23], which offers a way to sys-
tematically change its properties and examine the cor-
responding resolution, while otherwise maintaining an 
identical sample. The effect of heating the SiC film is also 
illustrated by Fig.  4, which shows FFTs calculated from 
images recorded at 40 and 400  °C. The FFTs show that, 
for both 5 and 15 mbar N2, the resolution was better at 
400 °C than at 40 °C for the higher total dose-rates, while 
the resolution was the same at the lowest total dose-
rate. In fact, the intrinsic resolution could be retained 
at 400  °C even at the highest total dose-rate. At 5 mbar 
and 400 °C, the highest total dose-rate did not even result 
in a reduced contrast for the highest spatial frequency 
lattice fringes as indicated by the intensity of the outer-
most reflection in the FFT. A small reduction in contrast 
occurred at 15 mbar, resulting in the loss of some lattice 
fringes without affecting the measured resolution.

To interpret the observations in Fig. 4, it is important 
to consider that upon heating the SiC film, the surround-
ing gas will also be locally heated, which will reduce its 
atom density. For an ideal gas, a temperature increase 
from 40 to 400  °C will roughly halve its molar volume. 
As the dose-rate-dependent resolution depends on the 
gas pressure (see Fig. 4), any effect of such a reduced gas 
density must be addressed as well. A local expansion of 
the gas closest to the sample can, however, be counter-
acted by increasing the overall pressure in the micro-
scope. Specifically, the atom density for an ideal gas at 
15 mbar and 400 °C (1.6 ∙ 1017 molecules/cm3) is slightly 
higher than at 5  mbar and 40  °C (1.2  ∙  1017  molecules/
cm3). Therefore, one might expect that the dose-rate-
dependent resolution at 15 mbar and 400  °C should be 
similar to or lower than at 5  mbar and 40  °C. Instead, 
Fig. 4 shows that the intrinsic resolution consistently was 
retained also at 15 mbar for the heated sample. This find-
ing excludes the reduced gas density as an explanation 
for the reduced sensitivity to the total electron-dose-rate 
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for the heated sample. Instead the temperature-depend-
ent properties of the semiconducting SiC film appear as 
more obvious candidates. The thermal expansion of SiC 
amounts to only ca. 0.1  % for a temperature increase 
from 40 to 400  °C (calculated using a linear expansion 
coefficient of 2.5  ∙  10−6  K−1 [37]) and can therefore be 
neglected. Sample drift is expected to increase slightly 
with temperature for the MEMS device and would, if 
anything, worsen the apparent resolution [38]. In con-
trast to the thermal expansion and drift, the measured 
electrical resistivity of the semiconducting SiC film 
decreased markedly from 12 to 7  kΩ upon heating up 
from 40 to 400 °C. The corresponding increase in electri-
cal conductivity will improve de-charging of the SiC film 
and thus lead to a reduced degree of charge buildup at 
the illuminated area. This provides a clear indication of 
the crucial role of sample charging on the observed reso-
lution reduction at high electron-dose-rates for samples 
immersed in gases. The increased temperature may addi-
tionally lead to decreased secondary electron yields [39], 
although this reduction is likely small. For comparison, 
only a decrease of ca. 10  % in secondary electron yield 
was reported in the case of SiO2 at 350 °C compared to 
room temperature [40].

Conclusions
The present study indicates that the total dose-rate and 
areal dose-rate at a fixed illumination area are equivalent 
descriptors for the achievable TEM image resolution for 
samples immersed in gas environments. The dose-rate-
dependent resolution was in previous reports primar-
ily attributed to the combined interaction between the 
electron beam, gas environment, and sample. The pre-
sent work gives further support for the role of the sam-
ple itself, e.g., by monitoring a temporal evolution of the 
image resolution while illuminating the sample, and by 
examining the influence of the electrical conductivity of 
the sample on the image resolution. These findings indi-
cate that the resolution degradation could be a result of 
charge buildup on the sample due to beam–gas–sample 
interactions. Previously, Jinschek and Helveg suggested 
that charging may lead to resolution degradation by 
inducing sample movements mediated through a capaci-
tive effect between different parts of the sample. Such a 
mechanism may account for the observations presented 
here. In summary, the present work shows that in  situ 
observations by TEM of samples immersed in gas envi-
ronments must be performed at low dose-rates in order 
to maintain resolution possibly due to suppression of 
electric charging in both the gas and the sample. In turn, 
such electron illumination conditions are advantageous 
in terms of minimizing electron beam-induced altera-
tions of the chemical reactions under examination.
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