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ABSTRACT

We present a new method to create ultrashort electron pulses by integrating a photoconductive switch
with an electrostatic deflector. This paper discusses the feasibility of such a system by analytical and
numerical calculations. We argue that ultrafast electron pulses can be achieved for micrometer scale di-
mensions of the blanker, which are feasible with MEMS-based fabrication technology. According to basic
models, the design presented in this paper is capable of generating 100 fs electron pulses with spatial
resolutions of less than 10 nm. Our concept for an ultrafast beam blanker (UFB) may provide an attractive
alternative to perform ultrafast electron microscopy, as it does not require modification of the microscope
nor realignment between DC and pulsed mode of operation. Moreover, only low laser pulse energies are
required. Due to its small dimensions the UFB can be inserted in the beam line of a commercial micro-
scope via standard entry ports for blankers or variable apertures. The use of a photoconductive switch
ensures minimal jitter between laser and electron pulses.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast electron microscopy (UEM) is an emerging field where
the aim is to achieve sub-picosecond temporal resolution with
spatial resolution in the nanometer scale. This capability enables
imaging in space and time of phenomena such as spin dynam-
ics [1], excited state dynamics [2], optical near fields [3-6], quan-
tum optical effects [7] and motion of atoms [8]. Almost all applica-
tions of UEM rely on pump-probe experiments, where a laser pulse
serves as the pump modifying the characteristics of the sample
and the electron pulse probes the relaxation of the sample towards
equilibrium. Thus, accurate, preferably jitter-free, locking of the ul-
trashort electron pulses to a laser clocking pulse is of paramount
importance. Also, the repetition rate of the electron pulses should
be equal to the repetition rate of the laser.

Typically, pulsed electron beams are created by modifying the
source unit of an electron microscope (EM) to allow laser-triggered
emission. For example, a flat photocathode illuminated with a fem-
tosecond laser can be employed to create femtosecond electron
pulses [9]. However, flat photocathodes have a low brightness. For
this reason tip based photo-field emitters are used [10-12], which
can have brightness values comparable to regularly used Schottky
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emitters [13] as measured by Feist et al. [14] and also by Dominik
et al. because coherence is related to the reduced brightness [15].

A known alternative to a laser triggered source is the use of a
beam blanker. Beam blankers allow both pulsed electron beam op-
eration for time-resolved measurements and DC operation mode
for normal imaging, where a user can relatively quickly switch
between both modes of operation. For a laser triggered Schottky
source, switching between DC and pulsed modes of operation can
take up to 1 h [14]. Beam blankers based using microwave cavi-
ties to create ultrashort electron pulses were envisioned and real-
ized by Oldfield [16] and Ura and co-workers. In this way, electron
pulses of 200 fs were created [17]. At that time, the electron pulses
were used to measure switching speeds in electronic circuits and
transistors by means of voltage contrast [18,19]. Lassise et al. and
van Rens et al. calculated that a TEM;;¢ cavity positioned conju-
gate to the electron beam focal point is able to create ultrashort
electron pulses while maintaining the brightness of the continu-
ous electron beam, recently such a TEMj;q cavity is incorporated
in a commercial TEM [20-22]. Advances in technology now allow
synchronization between an RF microwave cavity and a laser clock
pulse to values of 100 fs and shorter, where additionally care has
to be taken to match the GHz microwave frequency to typical MHz
laser repetition rates [23,24]. Beam blanking triggered by a laser
clocking pulse would directly and in a straightforward way syn-
chronize electron and laser pulses.

Here, we present such an approach to create ultrafast electron
pulses with a laser-triggered beam blanker. In our concept fem-
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Fig. 1. (a) Schematic drawing indicating conjugate beam blanking using an electrostatic deflector to sweep the electron beam over a blanking aperture. The deflector is
in a conjugate plane with respect to the image/sample plane to ensure that the electron probe is always at the same location at the sample irrespective of the electric
field strength in the deflector, neglecting abberations of the objective lens. (b) System overview of a commercial SEM, which can have a high brightness Schottky electron
source. C1 and C2 denote condenser lenses to focus the electron beam between the blanker plates. The UFB is positioned at the standard entry port for blankers or variable

apertures.

tosecond electron pulses are achieved through a combination of
an electrostatic beam blanker and a photoconductive switch illu-
minated with femtosecond laser pulses [25]. The use of a photo-
conductive switch enables miniaturization of the ultrafast beam
blanker (UFB) such that it can be directly inserted in an exist-
ing, commercial EM. Also the UFB is jitter-free locked to the laser
pulse, essential for achieving electron pulses deep in the femtosec-
ond time range. We will first present the concept of our UFB and
discuss the basic requirements for realization. We will then turn
more in-depth to the requirements on the photoconductive switch
and physical properties of available materials, which leads to a set
of parameters for the actual design. Based on these we derive the
spatial and temporal resolution that could be achieved with such
a design. This shows that electron pulses in the 100 femtosecond
time range with sub-10 nm spatial resolutions may be feasible.

2. UFB concept and requirements

Electrostatic beam blankers are commonly used in EM’s to en-
sure that the sample is exposed to the electron beam only when
demanded, for example for electron-beam lithography. In such a
blanker the electron beam is deflected and then blocked by an
aperture. The preferred position for the blanker is in a plane con-
jugate to the image plane located at the sample, as indicated in
Fig. 1 [26,24]. This ensures that the position of the electron spot
is at a steady position at the sample while the blanker deflects
the electron beam. We want to use this same concept to generate
femtosecond electron pulses, sweeping the electron beam over an
aperture in (sub-) picosecond time scales.

A first requirement for our beam blanker is that the electron
beam sweeps back and forth over the aperture at (sub-)picosecond
timescales. Obviously, this needs inversion of the voltage over the
deflector. As we want to synchronize the electron pulses to the
output of a femtosecond laser (see details later), another impor-
tant requirement is that the electron pulses are generated at a rate
equal to the repetition rate of the laser. In order to sweep the elec-
tron beam ultrafast over the aperture in both positive and negative
direction, we propose the innovative scheme shown in Fig. 2.

By electrically connecting the photoconductive switch and
beam deflector in series, the voltage at the feed plate can be in-
verted each time the switch has been illuminated with the laser

pulse. For this to be possible the photoconductive switch has to
return to its insulating state after laser illumination on a timescale
fast compared to the interval between the laser pulses. In that case
the voltage at the feed plate can be inverted while the voltage at
the deflector plate remains constant. This then ensures that the
electron beam is swept over the blanker aperture in opposite di-
rections for consecutive laser pulses. Hence, below the blanking
aperture we will generate electron pulses at a repetition rate equal
to the femtosecond laser system.

To increase the average current in the pulsed electron beam, it
is advantageous to work at highest possible laser repetition rates,
in practice about 100 MHz. This requirement limits the pulse en-
ergy available for operating the photoconductive switch to the
nanojoule range, as this is the typical operation energy for high
repetition rate femtosecond lasers.

For pump-probe measurements with a laser and electron pulse
the temporal resolution is not only set by the electron pulse length
but also by the amount of jitter between the laser pulse and elec-
tron pulse. The latter requirement of minimal jitter is relatively
easily satisfied because we use a photoconductive switch illumi-
nated with a laser pulse to change the deflection voltage at the
beam blanker. In other words there is a direct link between the
laser pulse and the change in voltage. A minimal amount of timing
jitter is still present, we will discuss this at the end of the paper.

In general, for photoconductive switches, a short recombination
time is important to generate short voltage pulses. However, in our
case this is not important, because we directly connect the photo-
conductive switch to the beam blanker (see Fig. 2) and only use
the rising part to charge the deflector plate and sweep the beam.
When the laser illuminates the photoconductive switch, electrons
are excited to the conduction band, and, under influence of the
bias electric field, diffuse to the blanker plate and (de)charge it.

Finally, to create ultrashort electron pulses with the concept
discussed here, it is essential that photoconductive switch and de-
flector have a short response time. For this reason we discuss the
physical processes occurring in the photoconductive switch and re-
sulting implications for the design in the next paragraphs. We start
with a short literature discussion that shows that photoconductive
switches are known to have ultrashort response times. We then
discuss the requirements on the semiconductor material to be used
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Fig. 2. (a) Schematic indication of our UFB concept: a photoconductive switch is connected to an electrostatic beam blanker, the electron beam is deflected and intercepted
by an aperture, the colors of the electrodes indicate +10V (blue), negative —10V (red) and ground (grey). (b) Full modulation cycle for the UFB: (1) the beam is initially
blanked by the deflection field in the blanker; (2) laser irradiation provides a conductive channel in the GaAs wafer inverting the voltage on the deflector and thus the
deflection direction; (3) after the laser pulse, the GaAs restores to its insulating state, subsequently the bias on the feed voltage from the supply line is switched; (4) a next
laser pulse again inverts the field in the deflector, sweeping the beam in opposite direction, after which the voltage supply inverts again and the modulation cycle is back to
the initial situation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Basic principle of a photoconductive switch. Two conductors are connected
via an isolating semiconductor material, a laser pulse creates free carriers to provide
a conductive channel between the electrodes. Due to recombination of e-h pairs
and/or diffusion of electrons and holes to the metal electrodes the conductivity will
decrease again after illumination with the laser pulse.

and subsequently calculate the achievable conductivity in and field
strengths over the switch. Based on the photoconductive switch
design requirements the dimensions of the beam deflection unit
can be calculated, which we show in paragraph 5. Then, in para-
graph 6, we provide an estimation of the achievable electron pulse
length for the set of parameters required for the design. We also
estimate the amount of jitter of the electron pulse with respect to
the laser pulse in paragraph 7. The paper ends with a conclusion
and discussion of the concept and results.

3. Photoconductive switch

In the above concept, a photoconductive switch is used to cre-
ate an ultrafast voltage ramp. A photoconductive switch basically
consists of a semiconductor material in between two metal con-
tacts, see Fig. 3. In the literature, such a device is also called an
Auston switch, named after the inventor [27].

Photoconductive switches creating 825V pulses with 1.4ps
rise time have been demonstrated [28], and fast photoconductive
switches with >100GHz bandwidth have also been demonstrated
[29]. Photoconductive switches are also commonly used to gener-
ate THz pulses [30]. Photoconductive switches are also employed
to create streak cameras to characterize electron pulses [31] and
for X-ray streak cameras [32]. Most photoconductive switches are

made of the direct band-gap semiconductors GaAs or LT-GaAs,
the latter consisting of a special top layer of GaAs grown at a
lower temperature [33]. These two semiconductor materials have
the highest conductivity under laser illumination. LT-GaAs has a
somewhat lower conductivity under laser illumination compared
to GaAs but a shorter carrier recombination time, of the order of
1ps while normal GaAs has a recombination time of about 1ns
[34]. In applications where short voltage pulses are required, LT-
GaAs is the preferred choice, because the voltage pulse length is
limited by the carrier lifetime.

For the UFB only the rising part of the photocurrent is im-
portant, as this determines the time to charge the deflector plate.
However, as discussed above and indicated in Fig. 2, the photocon-
ductive switch also has to return to the insulating state compar-
atively fast to be able to modulate the voltage at the feed plate.
Otherwise, the voltage at the deflector plate, indicated with the
red dotted line in Fig. 2, will be affected when the voltage at the
feed plate is inverted. Hence, to sufficiently isolate the deflector
and feed plate the dark resistance, R, has to obey the following
inequality:

1
Rs,offcblanker > T (1)

where Cpgnrer 1S the capacity of the deflector plate and f is the
repetition rate of the laser. In the following paragraphs we will
argue that the capacitance of the deflector plate has to be lower
than 10 fF. A typical Ti:Sapph laser has a repetition rate, of about
f = 100MHz, lower repetition rates are not attractive because the
average probe current will be reduced, as mentioned in the pre-
vious paragraph. Hence, high values of the dark resistance are re-
quired, of the order of 10 Q range. This in turn requires a rela-
tively short recombination time. For this reason it is not preferred
to use regular, 1 ns recombination time, GaAs for the photoconduc-
tive switch, but LT-GaAs instead. For experiments where a low rep-
etition rate is required, the repetition rate of the electron pulse can
be reduced by switching the feed plate voltage, indicated in Fig. 2b,
at half the desired repetition rate for the electron pulses.

3.1. Response time photoconductive switch

We will now discuss the conductivity values that can be
achieved and the electric field strength that can be maximally ap-
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Fig. 4. Conductivity in the photoconductive switch as function of time for illumi-
nation with a Gaussian laser pulse of 50 fs duration and a scattering time in the
semiconductor of 30 fs. The calculation is based on a Drude-Lorentz model for the
average electron drift velocity, Eq. (2), convoluted with a typical 50 fs FWHM Gaus-
sian laser pulse. It takes approximately 100 fs to build up conductivity in the semi-
conductor.

plied over the photoconductive switch. Hereto, we first consider
the physical processes occurring in the photoconductive switch af-
ter and during illumination with a femtosecond laser pulse, based
on a Drude-Lorentz model.

Upon laser illumination, electron hole pairs are created in the
photoconductive switch provided the photon energy is larger than
the bandgap. We assume that every photon in the pulse creates
an electron hole pair with the same probability, determined by an
absorption coefficient and a quantum efficiency. Initially, electron
and hole will be at ‘rest’ followed by acceleration in the electric
field. The average electron velocity, v, is described by Newton’s 2nd
law:

R @

M Ts

where m* is the effective mass of the electrons, equal to 6.7% of
the electron rest mass, E is the local electric field, s is the mo-
mentum scattering time, equal to about 30 fs [35]. The scattering
term describes the loss of kinetic energy due to collisions of the
free carriers with the lattice. The electric field consists primarily of
the voltage applied on the electrodes but can be partially screened
by surrounding free charges. We note that each electron also has
a random thermal motion, but Eq. (2) describes the net average
velocity opposite the direction of the electric field.

With the average velocity we can calculate the current density
in the semiconductor:

j=nev=oE 3)

where n is the free carrier density and o the conductivity. We as-
sume a constant or slowly changing electric field E, and convolve
the solution of Eq. (2) with a Gaussian laser pulse, with a typical
length of 50 fs FHWM, to find how the conductivity in the semi-
conductor develops in time. The result is given in Fig. 4, which
shows that the conductivity builds up in about 100 fs.

We don't take into account negligible nonlinear effects like op-
tical rectification inducing displacement currents at terahertz fre-
quencies. Note that there is also another instantaneous effect on
the conductivity, which we did not take into account in calculation
the result in Fig. 4: the laser illumination will lead to a polarization
in the semiconductor material which in turn will induce a bound

current. However, from literature, this is known to give a negligible
contribution to the current at high bias fields [36,37].

3.2. Electric field strength over the photoconductive switch

In the Drude-Lorentz model, the charge carriers at some point
reach their so-called drift velocity, v4, the maximum average ve-
locity due to collisions with each other and the lattice:

Vg = /,LE (4)

where p is the mobility, about 0.3 m2V-1s~1 for LT-GaAs [34,38].
For example, with a field strength of 2 MV/m, the drift velocity will
be 1.6:10° m/s according to the Drude-Lorentz model and parame-
ters used in Eq. (2). At low fields the temperature of the charge
carriers is equal to the lattice temperature, but at higher fields
the carrier temperature begins to deviate from the lattice tem-
perature. Then, the drift velocity no longer increases linearly with
the field and starts to saturate. In GaAs, the saturation velocity is
about 2-10° m/s [39], which is slightly above the drift velocity at
2 MV/m. Note that the thermal velocity of conduction electrons is
about 3.7-10° m/s.

Thus, for an electric field of 2 MV/m, we can assume a linear
relation between bias voltage and current. We will use this value
in the remainder of this paper. In principle it is possible to fur-
ther increase the bias voltage, but other effects like impact ioniza-
tion and voltage breakdown may then happen. In addition, in III-V
compounds, like GaAs, the electron mobility also decreases with
increasing field due to scattering of electrons by optical phonons.
It has been shown experimentally that the photocurrent increases
at a slower rate at higher fields [35].

3.3. Conductivity photoconductive switch

Eq. (3) may seem to imply that a higher laser power induces a
larger photocurrent and conductivity. However, it should be noted
that at relatively high free carrier densities oscillations in the pho-
tocurrent may be induced. As the laser creates a plasma of free
carriers in the semiconductor material, electrons and holes in the
plasma will separate due to the applied electric field. Due to the
resulting Coulomb forces the plasma may start oscillating and/or
the photocurrent may decay very rapidly. A laser pulse shorter
than the momentum scattering time can also lead to these oscilla-
tions. In Jepsen et al., these effects are explained in detail and fit-
ted to measurements [35]. It is shown that the onset of plasma os-
cillations is determined by the product of the scattering time and
the plasma frequency, defined as:

ne2
em*

wp = (5)
where € is the permittivity. We would enter the regime where
these oscillations start to occur at a = wpTs~1. Therefore, we want
to have a density of free carriers equal to:

a’em*
= o = 1.15-10%[m3] (6)
where we assume a value 12.3 for the relative permittivity and for
the product of w,7s, we took a value of a equal to 2. Note that
there is a difference between the situation described by Jepsen
et al. and our design, as in their case the electric field over the
switch is constant.

To conclude this section, a carrier density of about 1-1024 m~
should be achievable in combination with an electric field of
2 MV/m over the photoconductive switch. The switch can be
brought in the conductive state in about 100 fs, later we will give
more accurate values where we take into account the change in

3
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electric field over the photoconductive switch. In the next para-
graph we will discuss the dimensions required for the photocon-
ductive switch.

4. Transmission of high frequency signals and implications for
the design

We have seen above (see Fig. 4) that the conductivity of the
photoconductive switch will change on time scales smaller than
1 ps. This corresponds to terahertz-range frequencies. Transmission
of electrical signals with such high frequency components to the
deflector is not trivial: Normally for electronics, it is assumed that
the potential along a perfect conductor is independent of posi-
tion even when the potential is time-dependent. However, electri-
cal signals are transferred at the local speed of light. So, when the
signal delay, as determined by the length of the cable and its effec-
tive permittivity, becomes comparable to 0.1 times the signal rise
time, the potential becomes position dependent.

In vacuum, a 1ps electromagnetic wave has a wavelength of
300um, a line longer than 30 um will behave like a transmission
line. In our case we also have to consider that we have a broad-
band signal while the response of the electrical circuit can be
strongly wavelength dependent. In addition, dispersion may reduce
the rise time of the electrical signal. Another issue is that high-
frequency signals are absorbed quite strongly by metals due to the
low skin-depth and finite conductivity.

Finally, an essential requirement is that the amount of charges
necessary to charge or discharge the deflector plate has to be less
than the amount of charges created by the laser pulse. Because
when all free charges (created by the laser pulse) are taken up
by the electrodes the resistance of the photoconductive switch is
equal to the initial dark resistance and the photocurrent will drop
to zero.

We choose a photoconductive switch with dimensions of 10 by
10pum because it is only a fraction of the wavelength and because
the field is set to 2 MV/m, see section paragraph 3.2, resulting in a
voltage difference of 20V over the photoconductive switch which
is relatively easy to achieve with standard pulse generators in a
few nanoseconds. Under those conditions, we would generate ~108
free carriers, taking into account the required carrier density calcu-
lated in Section 3.3 and assuming a skin depth of 1 um. This means
the maximum capacitance we can switch is equal to 8 pF for a 20V
difference. The required laser power is low: with an 800 nm fem-
tosecond laser at a repetition rate of 100 MHz, 5mW is required,
excluding losses.

To summarize, the capacitance that can be connected to the
photoconductive switch is limited. Together with the need to re-
duce absorption, dispersion, and transmission line behavior, this
translates to photoconductive switch dimensions of the order of
ten micrometers. Therefore, we choose to integrate the photocon-
ductive switch and the deflector in a single MEMS-sized device.

5. Dimension MEMS beam blanker

In the previous paragraph we discussed that the photoconduc-
tive switch and deflector should be integrated in a single MEMS
sized device. From this requirement and the required sub-10nm
spatial resolution we can calculate typical dimensions for the de-
flector.

The deflection angle can be calculated from the dimensions of
the blanker using the following equation (see also Fig. 6):

El WVl
op = 26~ 26d (7)
where E is the electric field between the deflector plates, V), the
voltage difference over the deflector plates and ¢ is the accelera-

tion voltage. All other variables are defined in Fig. 6. The two re-
quirements for blanking are:

op > 2a

d> dg+al ®)

where dg is the diameter of the focused spot between the deflec-
tor plates, i.e. the crossover diameter. The first requirement states
that we have to deflect at least an angle «) to have the beam
completely blocked by the aperture. The second requirement states
that the beam should not hit the deflector plate.

Eq. (8) tells that the blanking angle will be determined by
the half opening angle. In electron microscopy, the choice of half-
opening angle oy, is a balance between spatial resolution and
probe current. A higher opening angle leads to a larger current but
at the cost of spatial resolution due to increasing lens aberrations,
except at very low opening angles where diffraction can become
dominant. With our beam blanker, the current at the sample will
be reduced significantly compared to continuous beam operation.
Therefore, in the remainder of this section we will work with a
high beam current of 16 nA. For 100 fs electron pulses and a rep-
etition rate of 100 MHz, this will result in a duty cycle of 1-10->.
With this 16 nA DC current, every electron pulse will on average
contain 0.01 electron.

With the 16 nA current, and considering the probe size limited
by spherical aberration and source to image plane magnification,
the probe size at the sample is given by [40]:

d3’B,¢
p T
I, = 2.477%2/3 9)

where we assume a reduced brightness Br=5107 A/m%srV and
Cs=15mm. Notice that we a spherical aberration coefficient for
a non-immersion lens, in a system with an immersion lens the
spherical aberration coefficient will be lower and subsequently the
probe will be reduced. The acceleration voltage, ¢, is taken to be
equal to 30kV to obtain highest spatial resolution and because at
lower beam energies the electron pulse length will increase more
due to the energy spread within the pulse. The effects of energy
spread will be discussed in detail in the next paper. With the num-
bers stated above, we see that for a DC current of 16 nA, a spot
size of 8.3 nm can be obtained.

With the geometrical part of the spot size at the sample we
calculate a FW50 value of 200 nm for the spot size at the blanker,
dg, for a sample to deflector magnification of 30. The opening angle
at the blanker can be calculated using conservation of brightness:

[a, 1
op = B2 dg (10)

This results in a half-opening angle of 0.32 mrad.

To be able to design the deflector we have to estimate the prod-
uct of the blanking voltage V,, and blanker length [ which can be
calculated as:

V,l > 2¢a,d = 38.9-1075[y - m] (11)

with a separation between the deflector plates, d=1um, and
oy =0.32 mrad. The separation between the deflector plates is cho-
sen to be in micrometer-range for two reasons. The first one is that
the distance between the electrode containing the signal and the
ground plate is preferred to be (deep) subwavelength. The second
reason is that with smaller separation, the electric field will be
maximized which reduces the required length and blanking volt-
age. Note that the blanking voltage has to be lower than the max-
imum deflection voltage that we can deliver with the photocon-
ductive switch, which was 10V as discussed in the previous para-
graph. Also, even smaller distance between the plates is difficult
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Fig. 5. (a) Sketch of the photoconductive switch with feed, ground, and deflector plates. The electron beam traverses the space between the ground and deflector plate
perpendicular to this plane. (b) View of the LT-GaAs plane from (a), with feed and deflector plates. The photoconductive switch is 10 by 10pm as discussed in the text. The
feed plate is 30 pm wide to assure that locally enough charges are present to charge the deflector plate when the photoconductive switch is in the conductive state.

Fig. 6. Sketch of a beam blanker. The incoming electron beam has a half-opening
angle o and has a crossover of diameter d; between the deflector plates. The de-
flector has a length | and the plates are separated by a distance d. The deflector
sweeps the beam over an aperture. oy, is the smallest deflection angle with which
the beam is completely blocked by the aperture.

because the system becomes more sensitive to drift and mechani-
cal stability and is also limited by the 200 nm spot diameter of the
electron beam in the blanker. Finally, we note that a deflector with
an aspect ratio larger than 1:10 will be more difficult to align with
respect to the electron optical axis. We then see that for a 10 pm
long deflection plate, a blanking voltage of 3.8V is required.

6. Electron pulse length

With the dimensions of the blanker and the blanking voltage
set, we can estimate the electron pulse length. Hereto, we need a
calculation for the time-dependent voltage at the deflector plate.
Two approximations in this section are described to calculate the
electron pulse length. In the first approximation we consider the
photoconductive switch as a resistor and the deflector as a capaci-
tor and we calculate the RC time.

From the conductivity, calculated in Section 3.3, a mobility of
3000 cm?/V-s, and skin-depth of 800 nm light in GaAs of 1pum, the
resistance of the photoconductive switch is about 18 2. The de-
flector plate, indicated in Fig. 5, can be approximated as a par-
allel plate capacitor with a capacitance of 6 fF, neglecting para-
sitic capacitances. Where it is assumed that the area is equal to
['Ly=300 pum?, and the plate separation is 1um in combination

,LO Vleed(t)
70000 [ —
I(::O R(t) Cdeﬂector
T 1

Fig. 7. Schematic of the electrical circuit used. With a set of differential equations
the time-dependent voltage at the feed plate, Vieq(t), and at the deflector plate
Vief(t) is calculated. The voltage delivered by the source, Vs, is constant. The resis-
tance of the photoconductive switch, R(t) is time-dependent. Also the Drude model
and a laser pulse duration of 25 fs is taken into account.

Veel®)

with a relative permittivity of 2.25 due to the presence of glass.
Hence the RC time is about 110 fs, in combination with a conduc-
tivity built-up of about 100 fs, shown in Fig. 4, and square addition
the electron pulse length will be in the order of 150 fs.

In the RC time calculation the response of the photoconduc-
tive switch is not considered. In reality the photoconductive switch
has a non-zero response time as described by the Drude-Lorentz
model in Eq. (2). Also the electric field over the photoconductive
switch depends on time after illumination.

For this reason, we performed a second approach which also
takes into account the response time and the time-dependency
of the conductivity. We implement a time-dependent field over
the photoconductive switch by modeling the transmission line be-
tween constant voltage source and photoconductive switch with
an inductor Ly and capacitor Cy (Fig. 7), Also, we take a time-
dependent resistance of the photoconductive switch using the
Drude-Lorentz model described in Section 3.1. Finally, the finite
duration of the laser pulse is taken into account using a Gaus-
sian pulse shape with 25 fs FWHM. In this way, we derive a set
of differential equations, as detailed in the Appendix A. These are
numerically solved with MATLAB. A scattering time s of 30 fs is
assumed for this calculation which corresponds to a mobility of
786 cm?2/V-s, the exact mobility and scattering time do depend on,
for example, the annealing time of the LT-GaAs layer [34]. The re-
sults of the calculation are shown in Fig. 8, all values used in the
calculations are listed in the Appendix A.

In Fig. 8b we can see that the FW50 electron pulse length in-
creases when the carrier density decrease, but that this does not
occur in the simple linear relation predicted by the bare RC model.
One reason for this is that in the time-dependent model, the re-
sponse of the switch becomes limited by the acceleration of free
carriers.

Fig. 8c clearly shows that the pulse length strongly depends on
the capacitance of the deflector plate. A low value for the capac-
itance results in a short electron pulse length. However, as stated
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Fig. 8. (a) Calculated voltage at the deflector plate as function of time for different free carrier densities n in [1-1024

4000

' 2 4 6
4500 Capacitance deflector plate [fF]

m~3]. At high carrier densities oscillations occur which

has to do with the delay in the supply of charges at the feed plate. (b) The FW50 electron pulse length increases with lower carrier density. In (a) and (b) the capacitance
of the deflector is 6 fF. (c) FW50 electron pulse length as function of the feed plate capacitance, for a fixed carrier density of 15102 m~3. In the calculations, the voltage at

which the electron beam is fully blanked is assumed to be 3.8V.

Fig. 9. Voltage over the deflector as function of time in case without noise, dotted
line, due to voltage noise, V,, the graph moves to the right, solid line, the zero
crossing by an amount At. Hence the electron pulse is also shifted by an amount
of At.

before (see, e.g., Eq. (1)), a low capacitance also reduces the RC
time in the dark state of the switch. For too low capacitance, it
will become impossible to invert the voltage at the feed plate be-
tween two subsequent laser pulses while keeping the voltage at
the deflector plate constant. A typical dark resistance is measured
to be in the 10 M2 range, resulting in a RC time of 10ns for a 1 fF
deflector. This is too low for a laser repetition rate of 100 MHz.

The electron pulse length depends linearly on the capacitance
of the deflector plate, as shown in Fig. 8c. Analytical equations to
estimate the exact capacitance of a 3D geometry with different di-
electric materials around the deflector are not available. We will
discuss this further in the subsequent paper were we performed
numerical simulations of the UFB.

7. Time jitter between the laser pulse and the electron pulse

In the previous section we have calculated that electron pulses
in the 100 fs range are feasible. However, the temporal resolution
in a UEM is not only determined by the electron pulse length but
also due to time jitter between the laser pulse envelope and the
electron pulse. The jitter is present because the photoconductive
switch converts an optical signal, the laser pulse, to an electronic
signal which has some noise. The noise on the voltage will con-
verted to time jitter due to a time shift in the zero crossing of the
deflector voltage (Fig. 9).

We consider two contributions to the jitter; thermal noise and
shot noise. Firstly the latter contribution is estimated, the rms shot
noise current is given by:

shot =4/ Zelang

where Iy is the average current and Af is the bandwidth. The
bandwidth is equal to a factor ny times the inverse of the time
constant T of the system. The power spectral density of shot noise
is constant as long as the frequency is smaller than 1/t., where ¢
is the pulse width of a one electron pulse.

The average current, layg, through the capacitor is calculated as
follows:

10) = Ca = 2545 exp (—7/70)
13)
cdefvo (

2enl,
f avs (12)

lavg— Cfggo f eXp( T/‘Co)df ~

where we estimate the deflector is exponentially charged with a
time constant to. The average current layg. is calculated by inte-
grating the current over a time window of 4t . The shift in charg-
ing time is approximated as:

n
At%ls}q—"trozz any 70 (14)

When a time constant of 300 fs, a deflection voltage of 10V and
a capacitance Cyer of 7 fF and a ny of 3 (corresponding to a 10 THz
bandwidth) is assumed, the shot noise jitter contribution is about
1fs.

Jitter is also introduced by thermal agitation of charge carriers,
as discussed by Nyquist [41]. Thermal voltage noise over a capaci-
tor can be calculated with the equipartition theorem and is equal
to [42]:

kT
Uh=_ ] — (15)
" Caef
where k is Boltzmann’s constant and T the temperature. The drop
of thermal noise at high frequencies, around 1 THz, is neglected.
From Eq. (15) the time jitter, due to thermal noise, is calculated
as:
1 [ kT

At“’— =— | —T7 16
Voo 7 Cdefo (16)
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For a temperature of 300K, and all other parameters equal to
the values used for the shot noise jitter contribution, a value of 23
as is obtained.

Amplitude noise in the laser will induce noise in the photocon-
ductivity and hence jitter in the electron pulse. In a model where
the conductivity of the switch varies linearly with the amount of
photons in the pulse, the resulting time jitter for a relative laser
amplitude noise 7 is equal to:

At = toln(2)n (17)

For a laser amplitude noise of 0.05% RMS over a bandwidth
from 10Hz the jitter is about 10 as, for longer time scales the
power stability is some 0.5% resulting in a time drift of about 1
fs. The latter contribution is only relevant for measurements who
require long integration times. The rms amplitude noise and power
stability are typical for a Coherent Vitara Ti: Saphh oscillator.

Thus the dominant source of jitter is shot noise which is in the
order of 1 fs, so the time jitter is negligible to the electron pulse
duration of 100 fs. The amount of time jitter is also significantly
lower compared to systems employing GHz cavities, for example
Brussard et al. achieved 96 fs time jitter and more recently Gliserin
et al. reduced the timing jitter to 4 fs [23,24].

In reality the jitter will be larger as the mechanical and ther-
mal stability of the whole setup is essential, mechanical vibration
amplitudes in the optical setup will easily add a few femtosecond
of jitter. Nevertheless, the amount of jitter can be expected to be
significantly smaller than the electron pulse length.

8. Discussion

The above considerations and modeling have demonstrated the
feasibility of operating an UFB based on a laser-illuminated pho-
toconductive switch. In the calculations several idealized assump-
tions are made, for instance ideal electrical contacts to the pho-
toconductive switch, no parasitic capacitances, no leakage current
except through the photoconductive switch.

In our calculations, we have worked with a relatively high DC
current of 16 nA in order to optimize the average number of elec-
trons per pulse. A higher brightness electron source or a lower de-
sired current will lead to (significantly) smaller opening angles and
hence higher spatial resolution and shorter electron pulses. We
have been conservative by assuming a reduced brightness value of
5107 A/[m?sr-V]. A factor 4 higher can be achieved with a Schot-
tky emitter as shown by van Veen et al. [43]. This would reduce
the blanking voltage by a factor of 16 for the same DC current and
probe size. Hence, the exact design of the UFB can depend on the
EM to be used and for some application lower currents might be
acceptable.

The resistance of the photoconductor in its photoconductive
state can be adjusted by setting the amount of photons per laser
pulse. With fewer photons per pulse, the rise time of the deflec-
tion field would decrease. This can be used to increase the pulse
length and thus also increase the current for experiments where a
lower temporal resolution is acceptable. If required, the repetition
rate of the electron pulse can be reduced by inverting the voltage
at the feed plate at a rate lower than the laser repetition rate.

The concept of a MEMS-based UFB presented here would in
principle be applicable to any type of EM because of its small di-
mensions. This way constitute a unique advantage compared to
other UFB concepts, such as GHz resonant cavities [44,45]. The
MEMS sized device could be inserted via a standard EM entry ports
used for aperture strips and regular pico- to nanosecond scale
beam blankers [46]. At the same time, all DC imaging modalities
are kept intact because neither the high brightness electron source
nor the column is modified. Also, an EM equipped with a UFB can
be switched between pulsed and DC operation without any re-

alignments. In this paper we assumed that the UEM would be used
in an imaging mode where the sample and UFB are in conjugate
planes. For some imaging techniques like Lorentz microscopy and
holography, this is not possible. The effects of sweeping the beam,
such as a possible reduction of transverse coherence or a correla-
tion between the spatial domain and the time within the electron
pulse will be discussed in a separate paper.

Fabrication of the MEMS sized UFB is in principle possible by
using nanotechnology tools such as standard lithography, deposi-
tion and etching tools. Currently we have fabricated such a MEMS
sized UFB and we are currently testing the performance of the de-
vice in a SEM.

9. Conclusion

In this paper, we have presented a new concept for an ultra-
fast beam blanker using a combination of an electrostatic deflec-
tor connected in series with a photoconductive switch. We have
demonstrated the feasibility of this concept based on a design that
followed from basic, practical requirements for operation of such
an UFB in a standard EM. A crucial aspect of our design is that
only the rising part of the signal from the switch is used to invert
the voltage over the deflector at sub-picosecond time scales. By in-
verting the voltage at the feed plate in between laser pulses, it is
possible to scan the electron beam over a blanking aperture at ul-
trafast time scales. By integrating the photoconductive switch with
a beam blanker the dimensions can be kept substantially smaller
than the wavelength and the capacitance can be reduced, enabling
inverting the deflector voltage at (sub-) picosecond time scales. Ac-
cording to our basic models, 100 fs electron pulses with spatial
resolution of less than 10nm can be achieved. Moreover, as the
electron beam is only transmitted through the blanking aperture
when a laser pulse illuminates the photoconductive switch, there
will be minimal jitter (only about 1 fs) between the laser pulse
and electron pulse. Our calculations have shown that all dimen-
sions of the UFB need to be micron scale to prevent transmission
line behavior, dispersion and absorption of the high frequency sig-
nal components, which is feasible with MEMS fabrication technol-
ogy. Our concept for an UFB may provide an attractive alternative
to do ultrafast electron microscopy, as it does not require modifi-
cation of the microscope nor realignment between DC and pulsed
mode of operation.
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Appendix A. Model photoconductive switch and electrical
circuit

Here we describe a model of the electrical circuit and photo-
conductive switch, in order to calculate the time-dependent volt-
age over the deflector. For the model a set of differential equations
is derived describing the time-dependent voltages in the system
as function of parameters like the deflector capacitance and laser
pulse energy. The results are shown in Fig. 8 of Section 6.

In the model it is assumed that the currents in the UFB can be
described by basic circuit laws, valid because the dimensions are
significantly smaller than the wavelength. Fig. 10 shows the elec-
trical circuit used for the model. We assume a constant voltage at
the source, Vs, connected via a transmission line to the photocon-
ductive switch. The transmission line is simplified as a combina-
tion of a capacitor and inductor.
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Fig. 10. Scheme of the electric circuit. A laser pulse illuminates the photoconduc-
tive switch which has a length L and cross area A and generates a free carrier den-
sity n(t). The carriers accelerate in the field, according to a Drude-Lorentz model,
the average velocity, v(t), of the electrons is considered positive when they move to
the left in this figure.

Fig. 11. Microstrip line with electrode separation h, in our case 1um, the width, w,
is equal to 30 um. The dielectric has a relative permittivity ;.

The capacitance and inductance in Fig. 10, Ly and Cy, are esti-
mated by assuming the electrodes are like a micro strip line. The
characteristic impedance Z; of a microstrip line is estimated using
the equations in Demarest [47]:

-12
w
Eerr~ (e +1) + %(Er—l)(l HZF)

~ 1207 [ +1.393 4 0.667In (‘LV
«/ eff LA h

This equation is valid for w/h > 1, all variables are defined
in Fig. 11. For the relative permittivity we take the average of
glass and GaAs which have refractive indices of 1.5 and 3.4 re-
spectively. In our design the characteristic impedance is equal
to 4.3 Q.

The capacitance per unit length is calculated under the as-
sumption of a simple 2 plate capacitor, with the dimensions in-
dicated in Fig. 11 and is equal to 1.9nF/m. From the capacitance
and impedance the inductance per unit length is calculated using
Lo =Z2Cy and is equal to 36 nH/m.

In the following section we use Kirchhoff’'s current law at the
feed plate and deflector plate to derive two higher order ordinary
differential equations. The differential equations are rewritten in a
set of first order ordinary differential equations which are numeri-
cally solved with Matlab.

The sum of the currents at the feed plate has to be equal to
zero:

1 av
i / (Ve —Vy)de G5 — eAn(tyu(e) = 0 (19)

+ 1,444)]_1 (18)

The first term describes the effect of the coil, included in
the model because the source can’t instantaneously deliver new
charges to the feed plate. The next term describes the current
flowing from the feed plate due to its capacitance. The last term
describes the current flowing into the photoconductive switch.
Which is determined by the amount of carriers generated by the
laser pulse and the average velocity, v(t). Differentiating this equa-
tion to time, in order to get rid of the integral, gives:

(s-vp) d v dn  dv
Lo oz ~ MV T ) =0 (20)

The velocity is described with a Drude-Lorentz model given in
Eq. (2), which has an additional term to correct for the reduction

in average velocity due to the newly generated free carriers at later
time instances [38]:

dv e v

dt — mx T (21)

where n is the density of charges, proportional to the integral of a
Gaussian shaped laser pulse:
t"]) (22)

where ng is the total amount of carriers generated by the laser
pulse, tq is the time the laser pulse illuminates the photoconduc-
tive switch and t is the FWHM laser pulse length. Recombination
of electron-hole pairs is not taken into account because it happens
at a time scale of 10-15ps.

Inserting Eq. (21) in Eq. (20) results in the following equation:

V:-v) v,
I, %de ~° (

n(t) = %n()(l +erf[ )

(V- Vy) - ”?1’) —0 (23)

Combining this equation with (19) by replacing the term n(t)v(t)
and differentiating to time:

_l%_ %_Aez %_% _Aez(v _V)(Ln
L dt ~ °de  Lm\dt dt Lm=\F ") e

1 COdZVf_
+LTrS(VS_Vf)_?SW_O (24)

We now have a differential equation independent of the veloc-
ity, v, describing the voltage at the feed plate V;. A second equation
is required because there are still two unknowns, V¢ and Vj.

A second differential equation is derived by applying Kirchhoff's
circuit rule at the deflector plate:

dvy
Cogf —eAv =0 (25)
Differentiating this equation to time gives:
d2v, dv  dn
— —eA|ln—+v-— ) = 2
(oF i e (ndt+vdt) 0 (26)

Inserting Eq. (21) in Eq. (26) results in:

d2v, e nv dn
de - eA(nm*E T vdn/dt + vdt) =0

d2v,
Cagz dt? _EA( mx L Ts

dZVd e2An 1 dVd
dtz ~ LCymx (Vs =Va) - (E)i =

With 2 differential equations and 2 unknowns it is possible to
numerically calculate the voltages as function of time. In order to
solve the set of differential equations numerically, using MATLAB,
we rewrite it in a set of first order differential equations, where we
define:

v(1) =V,
dv.

V() = (Ttd

v3) =V;

b(4) = de
dzv

V() = 47 (28)
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The set of coupled first order differential equations we solved
in MATLAB are:

V(1) =v(2)
oy an 1
V(2) = CT(VG) -v(1)) - ;SU(Z)
vV (3) =v(4)
V' (4) = v(5)
| an o dn
v(3) = —T?U(4) - CT[UM) -v(2)] - Ff[v(3) - U(l)]a
1 1

+ ?‘E}%[VS -v(3)] - ?SV(5) (29)
where:
N (30)

A value of 1.9nF/m and 35 nH/m is used for respectively the
capacitance and inductance of the feed plate. We use a length, L,
of 10um for the transmission line. The cross section A is equal to
10 pm?2, L is equal to 10um and the effective mass is 0.067my,
where mg is equal to the electron rest mass. A value of 6 fF is
used for the capacitance of the deflector plate. The electron scatter
time is taken to be equal to 30 fs, corresponding to a mobility of
786 cm?2/V-s.
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