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Abstract: The development of pulsed electron sources is applied to electron microscopes or electron
beam lithography and is effective in expanding the functions of such devices. The laser photocathode
can generate short pulsed electrons with high emittance, and the emittance can be increased by
changing the cathode substrate from a metal to compound semiconductor. Among the substrates,
nitride-based semiconductors with a negative electron affinity (NEA) have good advantages in terms
of vacuum environment and cathode lifetime. In the present study, we report the development of
a photocathode electron gun that utilizes photoelectron emission from a NEA-InGaN substrate by
pulsed laser excitation, and the purpose is to apply it to material nanofabrication and high-speed
observation using a pulsed transmission electron microscope (TEM) equipped with it.

Keywords: laser photocathode; pulsed electron sources; pulsed transmission electron microscope

1. Introduction

For material nanofabrication using an electron beam, a sample is irradiated with a high-
intensity electron beam using a field-emission electron gun. The development of a pulsed
electron source with high emittance in a short time is effectively used not only for material
nanofabrication but also for high-speed observation of electron irradiation-induced material
behavior and observation with reduced electron irradiation effect of polymers when used
for TEM. For example, the dislocation motion is in the scale from 1 s to 1 ms, the nucleation
and growth in the scale from 1 ms to 0.1 ps, and the magnetic switching or melting and
solidification in the scale from 10 ns to 0.1 ps. The time scale on which physical phenomena,
such as phase transitions, occur is in the scale from 1 ns to 10 fs [1].

The development of a TEM equipped with a laser photocathode electron gun has been
in progress since around 2000. As shown in Figure 1, the first machine was manufactured
at the Berlin Institute of Technology. Using the pulsed electrons emitted from a Ta cathode
excited by an Nd:YAG laser (wavelength, 266 nm; pulse width, 7 ns; current density,
700 A/cm2; brightness, ~4 × 106 A/cm2 str), a spatial resolution of ~100 nm and a temporal
resolution of ~1 ns were achieved by the pulsed electrons [2]. After that, in 2007, at
Lawrence Livermore National Laboratory in the United States, a spatial resolution of
~10 nm and a temporal resolution of ~1 ns were achieved [3]. In 2008, at the California
Institute of Technology in the United States, the temporal resolution was improved to
~10 ps in the same spatial resolution of ~10 nm [4]. Recently in 2016, at CNRS National
Laboratory in France, an atomic resolution of ~0.2 nm and a temporal resolution of ~370 fs
were successfully achieved [5].
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affinity (NEA) surface is useful to generate pulsed electrons with small energy dispersion 
with high emittance. However, it is difficult to handle because the usable vacuum environ-
ment is severe, and an extremely high vacuum is required to extend the lifetime [6–11]. 

The advantage of using the NEA semiconductor surface is it reduces the work func-
tion. The role of Cs in NEA surface preparation has not been clarified in detail. The NEA 
treatment method involves forming a dipole layer of Cs with a positive charge on the 
semiconductor surface by repeating Cs vapor deposition and oxygen adsorption at a sub-
strate temperature of about 550 °C. This dipole layer is thought to reduce the work func-
tion. Lowering of the work function to the energy near the conduction band minimum 
(CBM) on the semiconductor surface leads the electrons with an extremely narrow energy 
width excited just above the CBM to be emitted from the surface by the tunnel effect. As 
a result, it is possible to obtain an electron beam in which the energy dispersion is ex-
tremely small. Even if the work function is lowered on the NEA metal surface, the energy 
dispersion of electrons excited to the unoccupied level cannot be as small as that of a sem-
iconductor with a bandgap. NEA treatment on the semiconductor surface is extremely 
effective from the viewpoint of electron energy dispersion. 

On the other hand, the nitride semiconductor has an advantage in that the cathode 
lifetime is long because the vacuum environment used is not so severe. However, there 
are not many examples of the development of TEM using such nitride semiconductor 
photocathodes with a NEA surface. 

In the present study, a pulsed TEM equipped with a photocathode electron gun, in 
which photoelectron emission from a NEA-InGaN substrate by pulsed laser excitation 
was utilized, was developed for the purpose of high-speed observation and material 
nanofabrication. In the paper, we will introduce some of the performances of the appa-
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Figure 1. The first machine of pulsed TEM equipped with a photocathode manufactured at the Berlin
Institute of Technology [2].

In the developments mentioned above, the cathode material is a metal, but by replac-
ing it with compound semiconductors, it is possible to further increase the emittance. Using
III–V compound semiconductor substrates, such as GaAs, with a negative electron affinity
(NEA) surface is useful to generate pulsed electrons with small energy dispersion with
high emittance. However, it is difficult to handle because the usable vacuum environment
is severe, and an extremely high vacuum is required to extend the lifetime [6–11].

The advantage of using the NEA semiconductor surface is it reduces the work function.
The role of Cs in NEA surface preparation has not been clarified in detail. The NEA
treatment method involves forming a dipole layer of Cs with a positive charge on the
semiconductor surface by repeating Cs vapor deposition and oxygen adsorption at a
substrate temperature of about 550 ◦C. This dipole layer is thought to reduce the work
function. Lowering of the work function to the energy near the conduction band minimum
(CBM) on the semiconductor surface leads the electrons with an extremely narrow energy
width excited just above the CBM to be emitted from the surface by the tunnel effect.
As a result, it is possible to obtain an electron beam in which the energy dispersion is
extremely small. Even if the work function is lowered on the NEA metal surface, the energy
dispersion of electrons excited to the unoccupied level cannot be as small as that of a
semiconductor with a bandgap. NEA treatment on the semiconductor surface is extremely
effective from the viewpoint of electron energy dispersion.

On the other hand, the nitride semiconductor has an advantage in that the cathode
lifetime is long because the vacuum environment used is not so severe. However, there
are not many examples of the development of TEM using such nitride semiconductor
photocathodes with a NEA surface.

In the present study, a pulsed TEM equipped with a photocathode electron gun, in
which photoelectron emission from a NEA-InGaN substrate by pulsed laser excitation
was utilized, was developed for the purpose of high-speed observation and material
nanofabrication. In the paper, we will introduce some of the performances of the apparatus.

2. Development of the Apparatus

Figure 2 shows the appearance of a pulse TEM equipped with the developed photo-
cathode electron gun. The pulsed electron gun consists of an ultrahigh vacuum chamber
capable of NEA surface processing, an acceleration tube, an ion pump, two non-evaporable
getter (NEG) pumps, a Cs vapor deposition source for NEA surface processing, a semicon-
ductor pulse laser for pulse electron generation, and an auxiliary laser for photocurrent
measurement during NEA surface processing. The accelerating voltage is 50 kV, and the
ultimate vacuum of the chamber is ~5 × 10−9 Pa. The wavelength of the semiconductor
pulse laser for pulse electron generation is 404 nm, and it is possible to generate pulses
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from continuous wave (CW) to nanoseconds. The pulse electron gun was assembled by
installing it to the Hitachi HF-2000 TEM (Hitachinaka, Ibaraki, Japanc) from which the cold
field-emission electron gun and the acceleration tube were removed.
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Figure 2. The appearance of a pulse TEM equipped with the developed photocathode electron gun.

Figure 3 shows schematic illustrations of the operation. The cathode and acceleration
tube have a structure that slides up and down. During the pulsed electron generation,
the cathode and the anode are in a close state, and the pulsed electrons excited by the
semiconductor pulse laser are introduced into the TEM column. On the other hand, during
NEA surface treatment, the cathode moves to the upper part of the chamber, and the
cathode substrate is heated at approximately 550 ◦C in an O2 atmosphere of about 10−6 Pa
and under Cs vapor deposition. At the same time, the activation process is performed while
monitoring the state with the photocurrent generated by the auxiliary laser excitation.
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Figure 3. Schematic illustrations of the operation. The cathode and acceleration tube have a structure
that slides up and down.
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The cathode substrate is a p-type InGaN thin film. An In0.12Ga0.88N thin film doped
with Mg with a thickness of about 250 nm is deposited on the sapphire substrate via a GaN
buffer layer with a thickness of about 2.2 mm. In order to evaluate the performance of
the apparatus, a cathode substrate passed about 2 years or more from the NEA surface
treatment was used. The electron emission current immediately after the NEA surface
treatment is about 10~100 mA, but it remains 1 mA even after about 2 years or more. The
imaging conditions were a laser pulse width of 100 ms and a repetition frequency of 5 kHz.
An imaging plate was used for image recording.

3. Performance Characterization

In order to evaluate the performance of the apparatus, the exposure time required
for pulse imaging was measured. Figure 4 shows a bright-field image that was taken
by conventional TEM with a thermal emitter and size dispersion of Au nanoparticles
on an amorphous carbon film used for pulse imaging as a standard sample. The size
distribution was fitted by the lognormal distribution function, and the average particle size
was approximately 13 nm.
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Figure 4. A bright-field image and size dispersion of Au nanoparticles on an amorphous carbon
film used for pulse imaging as a standard sample. The size distribution was fitted by the lognormal
distribution function.

Figure 5 shows the results of the pulse imaging of Au nanoparticles mentioned above
by bright-field images. The contrast becomes clearer as the number of integrated pulses
increases. It is evident that the image can be identified at about 4–8 pulses under the
conditions. A factor in which laser frequency affects image quality is the amount of
specimen drift within the total exposure time. If the total exposure time is shortened, the
effect of the specimen drift will be reduced, which will lead to an improvement in image
quality. In Figure 5, even with a total of 2048 pulses, the total exposure time is about 0.2 s,
and even if an interval of 100 ms is included, it is 0.4 s, and the effect of the specimen drift
is very small.

Figure 6 shows an example of the contrast profile of Au nanoparticles on an amor-
phous carbon support film. The contrast change of the part indicated by a red line in Au
nanoparticles in Figure 6a is shown in Figure 6b. The dark contrast of the Au nanoparticle
is shown as an image signal by normalization through the bright contrast of an amorphous
carbon support film. An enlargement of the contrast in the amorphous carbon support
film is shown in Figure 6c. The deviation from the average value of the contrast is defined
as noise. Figure 6d shows the signal-to-noise (S/N) ratio as a function of the number of
pulses (exposure time).
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Based on this result, if the minimum exposure time is determined assuming that Au
nanoparticles can be identified when the S/N ratio is 1 or more, it is revealed that an image
can be recorded with an exposure time of 800 ms or more under the present condition.
Immediately after NEA surface processing, which has a high quantum efficiency of the
electron emission, it is possible to take an emission current that is one to two orders of
magnitude larger, so it is considered that the minimum exposure time will be shorter. This
performance suggests that it is sufficient for high-speed in situ observation as a pulsed TEM.

The performance of pulsed TEM mentioned above can also be applied to material
nanofabrication. When a semiconductor photocathode is utilized as the electron gun
of a semiconductor inspection device, the stability of the electron beam is extremely
important. The required performance is a small current fluctuation, which is a standard
deviation from the average current during a constant current generation for a long time.
In particular, if the current fluctuation over a long time is large, it affects the performance,
and the same accuracy as making the TEM image contrast negligibly small is required.
It is considered that the fact that sufficient performance can be obtained by applying a
semiconductor photocathode to a pulsed TEM is consistent with satisfying the necessary
and sufficient conditions for utilizing a semiconductor photocathode in a semiconductor
inspection device.

Recently, in the semiconductor manufacturing process, in order to solve the prob-
lems of low inspection throughput and drawing throughput, a new demand for higher
brightness and a multi-electron beam source in which an individual source has high bright-
ness and uniformity is searched. In order to obtain high brightness, an electron source
that generates an electron beam with a large current and low-emittance characteristics is
required. It is suggested that semiconductor photocathodes that enable the generation
of a high-current, low-emittance, and high-speed pulse multi-electron beam are also use-
ful as next-generation electron beam sources that respond to new demands of material
nanofabrication.

4. Conclusions

We developed a TEM equipped with a NEA-InGaN photocathode electron gun with
an accelerating voltage of 50 kV and evaluated its performance by imaging with a pulsed
electron beam. The cathode has a long lifetime and can be imaged even after about 2 years
of NEA surface treatment. Under the conditions, a bright-field image can provide an S/N
ratio of 1 or more with an exposure time of 800 ms. By increasing the emittance further, the
temporal and spatial resolutions can be improved.
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