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ABSTRACT

Electrostatic charging of electrically insulating samples upon electron irradiation plays a large role in the analysis and processing of materials
in biosciences and the semiconductor industry. We have analyzed spectral changes of purple membranes (PMs) containing
bacteriorhodopsin, an electrochromic biological material, upon irradiation with electrons at an acceleration voltage of 30 kV. We observed a
bathochromic shift in the UV/VIS spectrum of PM films, due to internal electric fields generated by charges injected into the films. The
experiments demonstrate that spectroscopic changes, accompanying electron beam-induced charge injection into electrochromic materials,
enable quantitative analysis of electrostatic charging of insulators upon electron irradiation by optical spectroscopy.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022695

Understanding electrostatic charging of insulating materials
upon electron irradiation has tremendous importance for technologi-
cal applications of electron beams. It has long been recognized that
electron beam-induced charging of frozen hydrated samples in elec-
tron cryo-microscopy causes loss of high-resolution information.1

Furthermore, the balance between primary electrons impinging on an
electrically insulating sample, concomitant emission of backscattered
and secondary electrons, and charges implanted in the material deter-
mine the quality of scanning electron microscopy (SEM) images2–5

and are of critical importance in electron lithographic processing of
insulating samples.6,7 Electrostatic charging of organic photoresist con-
tributes to the edge placement error in electron beam lithography in
the semiconductor industry and has been extensively studied in previ-
ous work.6–9 Furthermore, electron beam-induced charging has been
used to fabricate nanostructures by self-assembly of molecules on
charged surfaces.10–12

Owing to its importance for research and technology, a quantita-
tive understanding of electron beam-induced charging is important to
improve the analysis and processing of insulating materials with elec-
tron beams. However, the analysis of time-dependent charge distribu-
tions in the bulk of insulating materials remains challenging.
Previously, Kelvin force microscopy has been used to analyze the elec-
trostatic surface charges of photoresist upon electron irradiation.7

It would be highly desirable to obtain quantitative information
about the time-dependent electron beam-induced charging of an
insulating material in situ. In this work, we have used the protein
bacteriorhodopsin (BR) to analyze spectroscopic changes upon elec-
tron irradiation. BR is the only protein in the purple membrane
(PM) from Halobacterium salinarum.13–15 The purple color of wild-
type BR is due to its retinal chromophore with an optical absorption
maximum at 570 nm. Due to its photochromic properties and
astonishingly high stability toward extreme environmental condi-
tions, BR has been studied as material for technological applications
such as data storage.16–22

In our experiments, we have used PM/gelatine films as well as
pure PM films deposited on glass substrates. PM films were mounted
in the chamber of a Zeiss Auriga FIB/SEM and irradiated with elec-
trons using an acceleration voltage of 30 kV and a current of 4.08 nA
as measured with a Faraday cup. Samples were mounted at a distance
of 49.2mm from the pole piece. It is worth noting that PM films can
be exposed to the vacuum of a SEM chamber without any damage to
the material.

Figure 1 illustrates the experimental setup.
Upon electron irradiation of PM films, we observed a consider-

able bathochromic shift of the irradiated area [Fig. 2(a)] accompanied
by a visible color shift from purple to blue [Fig. 2(a), inset].

Appl. Phys. Lett. 117, 083701 (2020); doi: 10.1063/5.0022695 117, 083701-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0022695
https://doi.org/10.1063/5.0022695
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0022695
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0022695&domain=pdf&date_stamp=2020-08-27
https://orcid.org/0000-0003-4266-086X
mailto:daniel.rhinow@biophys.mpg.de
https://doi.org/10.1063/5.0022695
https://scitation.org/journal/apl


Apart from some loss in optical density (OD) due to electron
beam-induced bleaching of BR,23 the spectral changes are fully
reversible.

In another experiment, we acquired an UV/VIS spectrum of a
PM film, irradiated for 30min with electrons in the SEM and acquired
UV/VIS spectra of the same area, confirming the formation of a batho-
chromic species [Fig. 3(a)]. Time-dependent UV/VIS spectra demon-
strate that the electron beam-induced bathochromic state disappears
within 30min in the dark [Fig. 3(b)].

Several physical and chemical conditions have been described,
which favor the reversible or irreversible formation of bathochromic
species in BR, among them are the removal of divalent cations,24 the
protonation of aspartic acid 85,25 and two-photon-induced decarbox-
ylation of aspartic acids in the vicinity of the protonated Schiff base of
the retinal chromophore.21,26,27 However, none of these conditions
match the conditions of the experiments described in this work. An
8lm thin aluminum foil, placed on top of the PM film during electron
irradiation, suppressed the formation of the bathochromic species
(data not shown). This excludes electron beam-induced generation of
x-rays as a source for spectral changes in BR.

It has been observed in previous work that strong external
electric fields can induce a reversible bathochromic shift in PM
films.28 We propose that the bathochromic shift of PM films
observed in our experiments is caused by electric fields generated by
charges injected into the films upon electron irradiation. In other
words, the retinal chromophore of BR is an electrochromic probe,
which enables quantitative analysis of internal electrostatic fields by
optical spectroscopy. PM films are electrical insulators. When a PM
film is irradiated with electrons at an acceleration voltage of 30 kV,
the number of secondary electrons escaping from the sample is
lower than the number of electrons implanted in the material lead-
ing to a net negative charge.29 Previous work has demonstrated that
electron beam-induced electrical charges remain trapped in insulat-
ing substrates, long enough to generate patterns of adsorbed biomo-
lecules and nanoparticles.10,11,30–32 Figure 4 shows a model of
electron beam-induced electrochromic changes in BR. As the spec-
tral ground state of BR recovers in the dark, we conclude that
charge neutralization in the film is driven thermally.

At present, the strength of the electric field, generated by trapped
electrostatic charges in PM films, is not known. In previous experi-
ments, external electric fields with a strength of 104–105 V � cm�1 were
enough to induce the reversible formation of a bathochromic species.28

We point out that further experiments are required to quantitatively
elucidate the charge distribution in the insulating PM film. Future
experiments should be performed using a spectrometer integrated into
the vacuum chamber of the SEM to enable in situ spectroscopic analy-
sis of spectral changes upon electron irradiation. Another interesting
question is how the trapped charges move in the substrate and become
neutralized, as the spectral ground state of BR recovers.

Spectral changes of electrochromic materials upon electron irra-
diation have not been described before. Apart from BR, it would be

FIG. 1. Experimental setup. (a) A PM film is mounted in the vacuum chamber of a
SEM and irradiated with electrons. (b) Upon irradiation with the electron beam, the
exposed area of the PM film shows a bathochromic shift of its absorption spectrum
and appears blue. (c) The purple color of the PM film recovers indicating a
reversible electrochromic spectral change. The numbers resemble the labels in the
inset of Fig. 2(a).

FIG. 2. Bathochromic shift of PM films upon electron irradiation. (a) Shown are UV/
VIS spectra of a PM film after 10, 20, and 30 min irradiation corresponding to cumu-
lative electron doses of 3.6, 7.2, and 10.8lC/cm2. After 10 min of irradiation in the
SEM chamber, PM films were transferred to a UV/VIS spectrometer and spectra
were acquired in transmission mode. Subsequently, the films were transferred back
into the SEM chamber and irradiation was continued. Finally, the PM film was kept
in the spectrometer in the dark for 390min. Apart from some loss in OD due to
bleaching, the purple ground state of BR recovers. (Inset, top) photograph of a PM
film. The top part of the film (labeled 1, also see Fig. 1) was irradiated for 30min
with the electron beam and appears blue, whereas the bottom part was not irradi-
ated (labeled 2, also see Fig. 1) (inset, bottom, labeled 3, also see Fig. 1). After
300min, the bathochromic state was reversed to the initial state and the color differ-
ence between the areas has disappeared. (b) Time-dependent difference spectra of
a PM film upon electron irradiation, revealing the formation of a bathochromic spe-
cies absorbing at 640 nm at the expense of the ground state.
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interesting to study electron beam-induced spectral changes in other
electrochromic materials.33 From a technological point of view, insu-
lating electrochromic materials could be used to study time-dependent
electrostatic charging of materials upon irradiation with ionizing

radiation. A quantitative understanding of radiation-induced electro-
static charging of insulators would be of tremendous importance for a
variety of technologies used in the semiconductor industry, such as
electron lithography and extreme ultraviolet lithography,6–9 electron
beam inspection of wafers,34 and photomask repair using electron
beam-induced processes.35 Furthermore, we conclude that it should be
possible to use electron beams to induce spectroscopic changes in elec-
trochromic materials on small length scales, which might find applica-
tions in data storage.

We thank Werner K€uhlbrandt (Max Planck Institute of
Biophysics) for a critical reading of this manuscript.
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within this article.
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