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We studied the charging behavior of an amorphous carbon thin film kept at liquid-nitrogen temperature under
focused electron-beam irradiation. Negative charging of the thin film is observed. The charging is attributed to a
local change in the work function of the thin film induced by electron-stimulated desorption similar to the
working principle of the hole free phase plate in its Volta potential implementation at elevated temperature. The
negative bias of the irradiated film arises from the electron beam induced desorption of water molecules from the
carbon film surface. The lack of positive charging, which is expected for non-conductive materials, is explained
by a sufficient electrical conductivity of the carbon thin film even at liquid-nitrogen temperature as proven by

multi-probe scanning tunneling microscopy and spectroscopy measurements.

1. Introduction

Amorphous carbon (aC) thin films are one of the most frequently
used sample supports in transmission electron microscopy (TEM). aC
exhibits many beneficial characteristics such as sufficient electrical
conductivity, low electron scattering coefficients and mechanical sta-
bility. Furthermore, aC can be fabricated in a large number of different
varieties. Due to these properties, aC is often used as supporting
structure, e.g., in cryo-TEM [1] or for nanoparticle investigations. In
addition, physical phase plates (PPs) for phase-contrast TEM typically
consist of an aC film with a central hole [2]. If positioned accordingly,
PPs induce a relative phase shift between the scattered and unscattered
part of the electron wave and thus enhance the phase contrast. Despite
its sufficient conductivity, PP experiments showed that aC is prone to a
more subtle type of charging even at elevated temperatures [3]. This
charging phenomenon can be explained by a change in the work
function of the thin film induced by electron-stimulated desorption of
adsorbed species [4] and is exploited by the concepts of the hole-free PP
(HFPP) [5,6].

When the thin-film conductivity is sufficiently high and insulating
layers are not present, the beam-induced charging can exhibit a nega-
tive polarity. The negative polarity is in contrast to the observed posi-
tive charging of non-conductive materials such as vitrified ice, silicon
nitride or contamination on carbon films near room temperature caused
by the emission of secondary electrons (SEs) [5,7,8]. Although charging
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of vitrified ice specimens in cryo-experiments is reduced in vicinity of
the aC support film, it was also reported that the aC thin film itself is
charging positively due to its poor conductivity at liquid-nitrogen
temperature [9,10]. Since cryo-specimens consist of an aC thin film
encapsulated in a substantial amount of vitrified ice, it is not clear
whether the aC thin film itself or the insulating ice is causing the po-
sitive charge.

Here, we analyze the charging of an as-prepared aC thin film at
liquid nitrogen (LN,) temperature under intense electron-beam irra-
diation to assess the inherent properties of aC without the effect of
embedding in vitrified ice. We observed negative charging of the aC
thin film which can be explained by the same model which is re-
sponsible for the functionality of HFPPs at elevated temperature [4]. As
this model requires an aC thin film with sufficient electrical con-
ductivity, we performed conductivity measurements of aC thin films at
LN, temperature using multi-probe scanning tunneling microscopy
(STM). The experimental results indicate that the conductivity of aC is
strongly increased when irradiated with electrons. Using a HFPP at LN,
temperature could be important for cryo-TEM applications as it elim-
inates the need to have a heated PP in the vicinity of a cryo sample.

2. Materials and methods

The TEM investigations and related analysis procedures were con-
ducted as described previously [4,11,12]. We performed the
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measurements using a Hitachi HF —3300 (Hitachi High Technologies,
Naka, Japan) equipped with a cold field emission gun operated at
300 keV. The instrument is fully dry pumped with a pressure of about
310~ 8 Torr near the sample. The column is baked at least 60 h per
week and a UV cleaner [13] is utilized to remove residual contamina-
tion inside the microscope vacuum. An additional test specimen was
implemented in the condenser lens system above the standard sample
plane. Electron optics was adjusted in a way, that the back focal plane
of the test specimen coincides with the standard sample plane. In this
setup, the aC thin film, which is positioned in the sample plane using a
cryo-specimen holder (Gatan Inc, Pleasanton, CA, USA) to study char-
ging effects at LN, temperature, is irradiated with a focused and intense
electron beam. Two alternative setups of the imaging lens system allow
the acquisition of series of electron energy loss (EEL) spectra or HFPP
images of the test specimen with the aC thin film working as PP. The
experimental data is analyzed to extract information on changes in the
relative thickness of the aC thin film and on the polarity and amount of
charge built up on the aC thin film. We refer to our previous publica-
tions for further details on the setup and on the data analysis [4,11,14].

The aC thin film was fabricated by electron-beam evaporation of C
onto a freshly cleaved mica substrate using a custom built, cryo pumped
vacuum evaporator. The thin film is transferred onto Cu grids (Ted
Pella, Reading, CA, USA) by floating on water and was not treated to
inhibit contamination. HFPP images and EEL spectra were recorded
under three different experimental conditions: The first set of series was
acquired at room temperature (RT) shortly after insertion of the aC thin
film in the microscope. In the following experiment, the aC thin film
was cooled to LN, temperature and the second set of series was re-
corded after the sample holder temperature and mechanical drift set-
tled. The effect of a beam shower was studied by irradiation of a large
area of the film around the region of interest with a 300 keV beam with
total areal doses below 0.15 C:cm ™2 Finally, the last series was ac-
quired at RT shortly after warming up from LN, temperature. aC thin
films prepared in the same batch were also studied using multi-probe
STM. Two probe electrical measurements were performed with an
Omicron Nanoprobe (Scienta Omicron Inc), operated at 77 K. The
background pressure of the system was 3:10 ! Torr. The sample was
mechanically mounted on an STM sample plate using mechanical clips.
No degassing of the sample was performed prior to study in the na-
noprobe instrument. The STM probes were brought into tunneling
contact by regulating the tip height using the tunnel current as feed-
back. Stable tunneling current was routinely achieved with stationary
tips, however, STM imaging of the sample was not possible because of
unstable tunnel current that resulted during the XY scanning of the tip.
This is attributed to the flexible nature of the aC films.

In order to contact the sample for electrical measurement, the
probes were overdriven into the sample by 5 nm. This assured re-
peatable, light contact with the aC thin film during measurements of
the freestanding sample. In order to measure probe to probe current,
the sample was electrically removed from the circuit. Probe to probe
measurements were performed with one grounded probe and one probe
with an applied bias. Current was measured at both probes and
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Fig. 1. TEM images of the aC thin film ac-
quired under strong overfocus conditions after
focused electron-beam irradiation (a) shortly
after insertion in the microscope, (b) at LN,
temperature and (c) after warming up to room
temperature. (a) Contamination is visible as a
bright spot on the thin film. (b) A dark spot
stemming from both negative charging and the
removal of material is observed at LN, tem-
perature. (c¢) A huge amount of contamination
is deposited on the thin film after returning to
room temperature.

correlated well between the probes. The probes were spaced = 30 um
apart.

Electron exposure of the sample was performed using a scanning
electron microscope. The exposure region included the probes and was
110 x 59 um?. The probe position was not changed between exposures,
ensuring consistent contact to the sample. Thermal drift was minimal
and did not affect the measurements. The exposure current of 2 nA at
10 kV was calibrated using a Faraday cup and an exposure irradiation
dose was determined from the exposed area, time and known current.

3. Experimental results
3.1. TEM investigations

The experimental results obtained from the TEM investigations are
shown in Figs. 1 and 2. Fig. 1 depicts three TEM images of the aC thin
film after acquisition of a series of EEL spectra under the three different
experimental conditions. The results from the data analysis are dis-
played in Fig. 2. Contamination builds up on the thin film if irradiated
shortly after insertion in the microscope which can be recognized by the
bright spot in Fig. 1a and the increasing relative thickness (blue line in
Fig. 2a). The acquisition of a HFPP image series shows that the buildup
of contamination induces a positive phase shift (not shown) arising
from the increasing thickness of the thin film [11].

Rather than an increase of the aC thickness, a slight decrease is
observed if the aC thin film is irradiated while at LN, temperature (red
line in Fig. 2a). The decrease in thickness is better visualized by a
comparison between the initial and the final EEL spectrum of the series
(Fig. 2b), where the final EEL spectrum exhibits a lower intensity in the
low-loss region. Fitting the aC plasmon peak after zero-loss subtraction
[15] yields a plasmon energy Ep = 26 + 1 eV independent of the areal
dose which indicates that a structural change of the aC thin film does
not occur. The experimental results obtained from the determination of
the induced phase shift are depicted in Fig. 2c. A negative phase shift,
corresponding to a negative charge/potential on the aC film, is ob-
served when the aC thin film kept at LN, temperature is irradiated (blue
line in Fig. 2¢). The magnitude of phase shift increases rapidly up to an
areal dose of = 50 C- cm™2 before the rate starts to level off. However,
the magnitude of phase shift does not reach a plateau within our
measurement range of up to 300 C-cm ™2 but continues to increase
until the end of the series up to a value of —0.6 m.

The magnitude of the induced phase shift is influenced by applying
a beam shower immediately before the acquisition of a series. The
measured phase shift after focused irradiation with a dose of
300 C-cm ™2 decreases from — 0.6 7t (no beam shower) to —0.5 7 and
—0.4 & for beam shower times of 30 and 60 s, respectively. To obtain
further information on the phase shift evolution, it can be fitted by a
double asymptotic function ¢ in dependence of the areal dose q [6]:

¢(@) = ¢(1 - e /) + ¢,,(1 - e9/a2) o)

¢1,2 are the saturation phase shifts and ¢, » are the characteristic
doses. The fit to the evolution without beam shower is plotted as a
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Fig. 2. Experimental results obtained from series of EEL spectra and HFPP image series. (a) The relative thickness of the investigated aC thin film increases strongly
with the areal dose when irradiated at RT due to the buildup of contamination (blue line). A minor decrease in thickness is observed at LN, temperature which can be
attributed to a removal of an adsorbed ice layer (red line). (b) EEL spectra from the beginning (blue) and the end (red) of a series show that material is indeed
removed from the thin film. (c) A negative phase shift of up to -0.6 &t is measured if the aC thin film is irradiated at LN, temperature (blue line). The amount
decreases, if a large area of the thin film is irradiated with a beam shower just before the acquisition of the series. A double asymptotic function can be fitted to the
evolution which is displayed for the case without beam shower (dashed black line). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

dashed line in Fig. 2c. Due to the very fast rise of the phase shift and the
noise in the phase shift determination, the error on the fit parameters is
high. Nevertheless, the fit gives an estimation of the characteristic
doses, which are ¢; < 10 C-ecm ™2 and g, = 200 C-cm ™2 The sum of
the saturation phase shifts ¢, + ¢, decreases with increasing beam
shower time.

The TEM image of the thin film after acquisition of the series at LN,
temperature shows a dark spot which is in contrast to the bright spot
observed for a contaminating thin film (Fig. 1). After warming up to RT,
contamination recurs much faster than on a pristine film and the col-
lection of the EEL spectra and HFPP image series was impossible due to
almost complete obstruction of the electrons by the deposited con-
tamination almost immediately after the beam is unblanked. Although
the beam diameter and current density on the aC thin film is identical to
the previous measurements, the contamination spot is much larger
(Fig. 1c) than for either experiments without LN, cooling analyzed soon
after insertion in the microscope vacuum [11].

3.2. Conductivity measurements

Fig. 3 shows the results obtained by STM measurements. The I/V
spectroscopy data collected between the two probes is plotted in Fig. 3b
for different electron irradiation doses. After the initial contact with the
probes at time zero, the I/V data shows little current. After 5min of
waiting for drift to settle, a repeated I/V curve shows virtually no
change in the characteristics of the film, indicating that drift or changes
in the contact were not a concern. The focused electron beam was then
exposed to the aC thin film. A 10 kV and 2 nA probe was scanned over a
region of = 6500 um?, which included the I-V probes. Spectroscopy
data was acquired at 3.5, 7, 9, 20, 40 and 60 min and the corresponding
electron exposure doses were calculated to be 0.0065, 0.013, 0.017,
0.037, 0.074 and 0.111 C-cm ™2 It is clear from the spectroscopy data
that the electrical properties of the film have been altered by the
electron exposure. Some noise and variability is visible in the spectra
and may be related to the film flexibility or contacts at the probes, but a
general trend of film conductivity increase with electron exposure is
evident.

4. Discussion

The experimental results give an insight in the properties of LN,-
cooled aC films under electron-beam irradiation and provide informa-
tion on the relative strength of the processes responsible for the film
charging and contamination. Contamination describes material trans-
port and buildup due to cross linking of adsorbed molecules supplied by
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surface diffusion along the thin-film surface [11,16]. We observed
contamination shortly after insertion of the thin film but not after
cooling the thin film to LN, temperature (Fig. 1a and b). The reason is
that the surface diffusion and thus the buildup of contamination is in-
hibited at a low temperature, although the number of adsorbed mole-
cules on the thin film increases by absorption from residual gases in the
microscope vacuum on the cooled thin-film surface. A large amount of
the adsorbed molecules remains on the thin film, even after warming up
to RT. This is witnessed by the drastic increase in contamination rate
and thickness in experiments performed after warming up to RT, which
blocks the electron beam almost completely after a rather small irra-
diation dose (Fig. 1c).

A second process is material removal by electron-stimulated deso-
rption [4,17-19] as well as knock-on electron beam induced sputtering
[7]. When the aC thin film is irradiated at LN, temperature, adsorbed
molecules are locally desorbed leading to a reduced number of in-
elastically scattered electrons (Fig. 2b). Assuming that the desorbed
species are water molecules, as expected for a vacuum system that is
pumped by a turbo molecular pump (supplementary material of [4]),
the thickness of the removed layer can be estimated to be about 1 nm.
This thickness decrease is not sufficient to explain the observed nega-
tive phase shift from the thickness decrease alone (Fig. 2c) indicating
that an additional effect is present. The origin of the negative phase
shift is attributed to the change in work function of the aC thin film due
to the electron-stimulated desorption of adsorbed molecules as de-
scribed in [4].

Adsorbed (water) molecules decrease the work function of the aC
thin film [20]. If the molecules are desorbed by the intense electron
beam, the work function is restored to the original value of aC which is
equal to assuming a negative potential §V in the irradiated area. Ac-
cording to the established model in [4], the induced phase shift is given
by

¢ = Cg-8V-R (2)

with R being the radius of the irradiated patch, §V < 0 the negative
potential and Cg the interaction constant. Fig. 4 shows a schematic
review of the model. Initially, the aC thin film is covered by a thin layer
of adsorbed water molecules (Fig. 4a). The thickness can be estimated
to be around 1-2 monolayers on both sides, as the material removed by
the electron beam is calculated to be approximately 1 nm of water (c.f.
Fig. 2b). If the thin film is now irradiated with the electron beam, the
water layer in the area of the intense zero-order beam is removed by
electron-stimulated desorption and the central patch exhibits a negative
potential. This requires only a small dose which corresponds to the first
characteristic dose gq; of the fit function to the phase shift (Eq. (1) and
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Fig. 3. (a) Schematic of the two probe experiment conducted by STM. The two probes were placed = 30 um apart on the aC thin film (orange) freestanding between
the Cu grid bars (blue). b) Probe to probe I/V spectroscopy data collected for different electron exposure doses. The increasing conductivity with increasing electron
dose is evident. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2c¢).

The further increase of the negative phase shift can be attributed to
an increasing radius R of the patch. This increase is induced by primary
electrons scattered in the sample which can generate SEs also outside
the zero-order beam and by SEs generated in the area of the zero-order
beam which propagate to surrounding areas [21]. These SEs cause
desorption of molecules in an area around the patch - however with a
much lower rate. This leads to a slow increase in the diameter of the
patch and can be linked to the second characteristic dose g, of the
asymptotic function (Eq. (1)).

The application of a beam shower prior to the acquisition of a series
decreases the amount of measurable phase shift (Fig. 2c). During a
beam shower, a large area of the thin film is irradiated with 300 keV
electrons, which can cause electron-stimulated desorption of whatever
species are present on the surface of the film. The beam shower thus
effectively increases the work function of the aC thin film in a large
area, albeit not to the clean aC surface value at the low doses im-
plemented here. If the aC thin film is then further irradiated with a
focused electron beam, the difference between the work function in the
irradiated patch and the surrounding thin film is reduced compared to
the situation without beam shower. This leads to a reduction of the
attainable 8V and the observed amount of relative phase shift between
the scattered and unscattered part of the electron wave is reduced
(Fig. 2¢).

The model based on the change in work function due to water re-
moval by electron-stimulated desorption requires an underlying thin
film with adequate electrical conductivity. Therefore we assume, that
an acC thin film exhibits a sufficient conductivity to compensate for any
SE that left the thin film. Indeed, the multi-probe STM measurements
show that the conductivity of aC at LN, temperature increases after
irradiation with electrons. At this point we can only speculate about the
physical reason for the conductivity enhancement. A possible ex-
planation could be that SEs generated by the primary electron beam in
the aC thin film cause desorption and diffusion from H,. H, has an
important influence on ultra nanocrystalline diamond [22] and could
passivate conduction paths in the thin film, which are restored during
electron irradiation. Independent of the correct physical explanation,
which is not the aim of this paper, the multi-probe STM results prove
that the aC thin film provides the necessary conductivity.

The energy of the irradiating electrons is only 10 keV in the multi-
probe STM experiment compared to 300 keV in TEM. The SE yield
decreases with primary electron energy E with E~*8 [23], which leads
to a dose necessary to generate the same amount of SE which is a factor
of 15 higher in TEM. The necessary dose at 300 keV can be estimated to
be below 1 C-cm™ which is reached already before the first data point
in the phase shift measurements (c.f. Fig. 2c).

The results show that aC is not charging positively at LN, tem-
perature. If only a thin layer of molecules (1 nm), which are assumed to

Fig. 4. Schematic description of the buildup of a negative phase shift. (a) Initially, the aC thin film is covered with a thin adsorbed water layer of homogeneous
thickness. (b) The area irradiated with the intense zero-order beam is dried almost instantaneously by desorption of the water leading to a negative potential §V. This
process requires only little areal dose g;. (c) The water is desorbed around the central patch by SEs generated by primary electrons scattered in the sample. The

necessary dose ¢» to reach an equilibrium state is sufficiently higher.
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be mainly water molecules due to the typical composition of the re-
sidual gas atmosphere in the microscope [4], is adsorbed on the thin
film, the observed phase shift under irradiation with a focused electron
beam is negative. For real cryo-TEM samples, the thickness of the vi-
trified ice layer is much higher than a few monolayers discussed here.
Although vitrified ice is thinned under electron irradiation [24], the ice
layer itself can charge positively until it is completely removed by
electron-stimulated desorption which is probable for the low electron
doses in cryo-TEM [10]. Additionally, the low doses (typically
< 0.2 C-cm~?) might not be sufficient to induce a conductivity in-
crease that is high enough to prevent positive charging of the aC thin
film itself.

When comparing the current results at LN, temperature to recent
work published on HFPPs and Volta PPs, the observed phase shift
evolution agrees well with the results from Danev and Marko obtained
at about 200 °C [6,25]. The strong difference in necessary temperature
to reach the same phase shift can be explained by two aspects, namely
the different pressures in the microscopes and the diameter of the ir-
radiating electron beam. While the Hitachi HF —3300 provides pres-
sures of 3- 108 Torr due to regular column baking, typical pressures in
cryo microscopes are at least one magnitude higher and may still
contain significant amount of water vapour. The low pressure is also
likely the reason, why we only observed a very low phase shift at ele-
vated temperatures in our previously published results [4]. A second
strong impact on the amount of observed negative phase shift is the
diameter of the irradiating electron beam [4]. As we used the condenser
lens system to create the irradiating beam, the diameter was 20 nm
while it can easily be in the range of a few hundreds of nm in the back
focal plane when using conventional TEM imaging [5].

5. Summary

We studied the charging behavior of an amorphous carbon (aC) thin
film at liquid nitrogen (LN,) temperature. The experimental results are
summarized in the following:

e A negative phase shift is measured when the aC thin film cooled
down to liquid nitrogen temperature is irradiated with a focused
electron beam. The origin of the phase shift is a change in work
function of the aC thin film due to removal of a thin layer of ad-
sorbed molecules by electron-stimulated desorption [4]. Applying a
beam shower prior to the measurement reduces the observed ne-
gative phase shift.

The model describing the observed negative phase shift requires an

underlying thin film with sufficiently high electrical conductivity.

Multi-probe scanning tunneling microscopy measurements show

that aC fulfills this condition if it is irradiated by electrons.

e Contamination is efficiently inhibited by sample cooling which
however comes at the expense of the adsorption of a large number of
molecules on the thin film. Contamination is therefore drastically
increased once the thin film is warmed up again.

e The charging behavior of pure aC thin films differs largely from cryo
specimens, i.e. an aC thin film encapsulated by vitrified ice, which
may charge positively.

Our results allow conclusions on the operation of hole-free phase
plates (HFPPs). Contamination has to be inhibited to obtain the nega-
tive potential which can be done, e.g., by heating or by cooling down to
liquid nitrogen temperature or by using a zero-order beam with a large
diameter [26]. The phase shift magnitude and evolution will depend on
numerous conditions such as thin-film temperature and roughness,
microscope pressure and residual gas composition, current and dia-
meter of the focused electron beam as well as on the scattering prop-
erties of the sample. Due to these dependencies, the operation mode of
a HFPP is expected to be different for different microscopes and should
be calibrated in detail for each application to get optimum phase

Ultramicroscopy 196 (2019) 161-166

contrast of the sample. The possibility to use a thin film held at LN,
temperature as HFPP may benefit phase plate cryo electron microscopy
by eliminating a heated phase plate hardware in close proximity of a
cryo sample.
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