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ABSTRACT: Scanning electron microscopy (SEM) has been
widely used to evaluate nanoscale images of materials and devices
by measuring the current of secondary electrons (SEs). We
developed scanning ultrafast electron microscopy by combining a
commercially available SEM and a femtosecond laser to reveal the
local dynamic properties of broadband electric devices during
operation. We conducted pump−probe experiments and success-
fully visualized the distribution of electric potential on the
electrodes of a photoconductive antenna during a transient
response induced by optical excitation of photocarriers in the
semiconductor substrate of the device. The temporal resolution
was determined to be 43 ps based on the pulse duration of the
primary electrons under the space charge effect. The observed
waveform of the SE current exhibited several phenomena, including ultrafast carrier dynamics at the boundaries, carrier lifetime, and
electric circuit response. The proposed technique is expected to provide a new method for visualizing the operation of high-
frequency electronic devices.
KEYWORDS: scanning electron microscopy, femtosecond laser, time-resolved measurements, electric circuits, photoconductive antennas,
transient responses

■ INTRODUCTION
Rapid progress in electronic devices with high integration, high
frequency, and low power consumption has accelerated recent
information technology advances.1,2 One method of achieving
these devices involves reducing the size of device elements.
However, it has become increasingly difficult to microscopi-
cally evaluate high-speed operations for electric measurements.
Thus, obtaining a direct understanding of local electric
potential, carrier diffusion, plasmon, etc., in high-frequency
regions is important.3−6

Scanning electron microscopy (SEM) measures secondary
electrons (SEs) to obtain microscopic pictures of materials
with high spatial resolutions.7,8 The amount of emitted SEs is
dependent on the scattering cross-section of materials and the
local electric potentials of the surfaces. SEM has been widely
used to observe the structures of electronic devices,4,9,10

particles,11 metamaterials,12−14 and microelectromechanical
systems9,15 with a spatial resolution of several nanometer and
turnability of magnification. Recently, time-resolved measure-
ments, known as scanning ultrafast electron microscopy
(SUEM), have been performed using pulsed electrons
photoemitted by femtosecond ultraviolet lasers.16−24 The

diffusion dynamics and lifetimes of the photoexcited carriers
on semiconductors and photon junctions are discussed. This
study demonstrated the observation of ultrafast snapshots of
the local surface potentials of an operand photoconductive
antenna. This technique is expected to provide new insights
into the study of high-frequency electronic devices.

■ METHODS
The schematic of the setup is shown in Figure 1a. The
fundamental light source was a Yb:KGW pulsed laser amplifier
(Pharos, Light Conversion Inc.) with a center wavelength of
1030 nm (=1.2 eV), pulse duration of 190 fs, pulse energy of
100 μJ, and repetition frequency of 100 kHz. The fundamental
beam was split into two beams with a power ratio of 1:9. The
weaker beam was entered into a barium borate (BBO) crystal
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to generate second harmonic light (2ω) with a photon energy
of 2.4 eV, which was used to excite photocarriers in a
semiconducting sample. The other beam was converted to
fourth harmonic light (4ω) with a photon energy of 4.8 eV
using two BBO crystals. The 4ω was entered into the vacuum
chamber of an SEM (JSM7200F, JEOL) and subsequently
reflected via a hole-punched mirror (Figure S1) to enter the
Shottky-emission electron gun made of tungsten. The
photoemitted electron pulses propagated in a direction
opposite that of the light. The electrons entered the samples
after passing through the mirror hole, an objective aperture,
and scanning coils. The extraction and acceleration voltages
were 3 and 15 kV, respectively. We measured the number of
SEs using an SE detector consisting of a collecting electrode at
300 V, a scintillator, and a photomultiplier tube. The filament
current was 0 A; thus, no electrons were emitted from the gun
without using the 4ω, as shown in Figure 1b. In the proposed
SUEM system, each electron pulse consists of 6323 ± 679
electrons. The space charge effect expanded the electron pulse
during the 65 cm flight from the electron gun to the sample
surface and spread the energy width of electrons which might
be the same order of 19 ± 10 eV (see Supporting Information
S2). The spatial resolution was limited to approximately 200
nm by the spread of the electron pulse (Figure S3). As shown
in Figure 1c, the pump-induced change of the state of the
sample modulated the SE current, which was dependent on the
delay time τ between the pump and electron pulses. To obtain
an instantaneous SE image, we scanned the positions of the
primary electrons with fixed delay times. To obtain the

temporal waveform of the SE current at fixed positions, we
fixed the positions of the primary electrons, scanned the delay
time, and measured the SE current using a lock-in amplifier
with a mechanical chopper on the pump beam.
We used interdigital array electrodes (IDAs) as the samples.

IDAs have been widely used in surface acoustic wave
filters,25−27 generation and detection terahertz waves,28,29

ultrafast photoconductive switches,30 and RF resonators.31,32

We patterned Au electrodes with a thickness of 200 nm on an
undoped GaAs substrate (Eg ∼ 1.45 eV) using photo-
lithography and Au spattering (Figure S4). As shown in
Figure 2c, a bias voltage (Vb) was applied between the anode

and the cathode of the IDA, which acted as a capacitor. The
anode was connected to the ground (GND). By considering
the three-dimensional motion of SE, a larger number of
electrons from the cathodes reach the detector than from the
anodes to the detector, as shown in Figure 2a,b. A SEM image
with Vb = −3 V is shown in Figure 2c. Larger SE currents were
observed at the cathode than that at the anode. Note that the
GaAs substrate exhibited a smaller SE current than both the
electrodes because of the different work function or surface
contamination owing to the effect of photolithography.
To calibrate the SE intensity to voltage, we measured the

intensity ratio of the cathode to that of the anode as a function
of Vb, as shown in Figure 2d. The intensity of the two
electrodes was the same at Vb = 0 V and monotonically
increased with increasing Vb. The linear fitting (green line)
shows the intensity ratio B(Vb) = −0.17 Vb + 1.0. We can
convert the intensity ratio to voltage in the time-resolved
measurements, as discussed below.

■ RESULTS AND DISCUSSION
We demonstrate photoconductive switching on a device
wherein a biased capacitor was discharged by photocarriers
in the GaAs substrates excited by femtosecond pump pulses.
Instantaneous SEM images were observed by changing the
delay time, τ between the pump and probe. At Vb = −20 V, the
fully charged device was visualized at the delay time of −50 ps

Figure 1. (a) Schematic of the SUEM. BS: beam splitter, SHG:
second harmonic generation, f1,2: convex lenses with the focal length
of 300 and 750 mm, respectively, and W1,2: optical windows of fused
silica and BK7, respectively. (b) SE image of a holed aluminum plate
with and without illuminating the 4ω beam to the tip of the gun (ON
and OFF) while scanning the primary electrons slowly. (c) Scheme of
pump−probe measurements on a photoconductive switch consists of
Au electrodes and a GaAs substrate.

Figure 2. Schematic of the flow of SEs from the (a) cathodes and (b)
anodes to the SE detector with the collection voltage Vc = 300 V. (c)
SE image of the device with Vb = −3 V. Scale bar: 100 μm. (d) Ratio
of the SE intensity of the cathodes and anodes (red) as a function of
the voltage extracted by the integrated intensity of all electrodes for
cathodes and anodes. The green line is the linearly fitted result.
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(the electron probe was incident to the sample before the
pump), as shown in Figure 3a. A large difference was observed

in the intensities of the cathodes and anodes, similar to the
static image in Figure 2c. Furthermore, at τ = 0 ps, as shown in
Figure 3b, the intensity ratio of the cathodes and anodes
reduced owing to being discharged by the photoexcited
carriers, where the carriers around the metal−semiconductor
boundary may have dominantly contributed. The intensities of
the two electrodes became equal at a delay time of 50 ps, as
shown in Figure 3c. The capacitor was fully discharged, and the
two electrodes had the same voltage. Following a long delay
time of τ = 625 ps, the cathodes were slightly brighter, as
shown in Figure 3d. This indicated that the capacitor started to
be recharged because the photoexcited carriers in the substrate
were fully recombined. The lifetime of the photoexcited
carriers in undoped GaAs at room temperature was less than
500 ps, which is consistent with previous reports.33,34 The
ultrafast change in the effective voltage applied to the cathodes
was plotted as a function of delay time, τ = 0, as shown in
Figure 3e. The voltage reduced rapidly at approximately τ = 0
ps and starts to recovers after τ = 500 ps. The data were fitted
using a step function with a finite rise time f(τ) = y0 + y1/[1 +

exp(−4τ/δ)], where the rising time δ = 43 ps was the duration
in which the signal changed from 12 to 88% between y0 and y1
(smallest and largest values). These results demonstrate the
successful development of a SUEM with a temporal resolution
of 43 ps (bandwidth >20 GHz). Notably, the temporal
resolution δ was dominantly contributed by the duration of the
electron pulse because the response time (RC time) of the
bright state of the IDA was estimated as 21 ps (see, Supporting
Information S9), which is smaller than the δ. This technique
can be utilized to visualize the transient response of an electric
potential at an arbitrary position on high-frequency electronic
devices, which is difficult to achieve by using conventional
oscilloscope measurements.
To comprehensively evaluate the duration of the electron

pulses, we discuss the space charge effect. The duration and
shape of an electron pulse can be altered by increasing the
number of electrons per pulse. Figure 4a shows the time-

resolved SE intensity on a cathode of photoexcited IDA with
different powers of 4ω light: 40, 80, and 160 mW. The number
of electrons in a pulse increased by increasing the power of 4ω
such that the pulse duration of electrons was stretched by
Coulombic repulsion between electrons in the same pulse. The
electrons at the front end of a pulse were accelerated, and the
back-end electrons were decelerated. Here, we assumed the
temporal shape of the electron pulse as a rectangle function
f(τ,T) with the duration of T, and the response function of the
IDA as a step function g(τ,Δ) = 1/(1 + exp[−4τ/Δ]) with
finite rising time Δ. We used the convoluted function h(τ) = y0
+ y1 ∫ −∞

∞ f(t,T)g(τ − t,Δ)dt as the fitting function (further
details are given in the Supporting Information). The fitting
results are shown as deep-colored curves in Figure 4a. The
temporal waveforms of the experimental results were well
reproduced, and the rectilinear shape at approximately τ = 0
became pronounced by increasing the power. The parameters
of Δ and T are plotted in Figure 4b. The T had the minimum
value of 42 ± 3.2 ps at lower power and increased to 143 ± 1.0
ps with the power of 160 mW (3.2 × 104 electrons/pulse)
owing to the space charge effect. Notably, the response time of
Δ ∼ 18 ps did not change by changing the number of probe
electrons. Here, 18 ps indicates the recombination of charges

Figure 3. (a−d) Time-resolved SEM image with different delay times
under Vb = −20 V. Scale bar 100 μm. (e−h) Line profile of SE
intensity for different delays of (a−d), respectively. The integrated
region is shown in Figure 3a. (i) Transient change of the cathode
potential (blue) as a function of delay time. Red curve is the result of
the fitting (see the text).

Figure 4. (a) Transient change in the cathode intensity of the IDA
device with different 4ω powers changed by using a neutral density
filter on a rotational mount. The value of 40 mW is the same as that
used in the measurements in Figure 3; Vb = −20 V. The number of
electrons per pulse was measured by the current on the sample holder
to the ground. Light color curves are measured results, and deep color
curves are fitted results (see the main text). (b) Duration of the
electron pulses (orange, left axis) and the rise time of the sample
(purple, right axis) derived by the fitting.
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close to the metal−semiconductor boundary. This analysis
deconvoluted the pulse durations of the electron and carrier
dynamics. Notably, the correlation between the Δ and T
becomes large in the lowest power. Therefore, the temporal
resolution should be determined by δ = 43 ps, as shown in
Figure 3i.

■ CONCLUSIONS
We performed SUEM to obtain direct images of the electric
potentials of the operand electric devices. We successfully
visualized the photoconductive switching of IDAs on a GaAs
substrate with a temporal resolution of 43 ps. The carrier
dynamics of the sample and the space charge effect were
discussed by assuming a rectangular waveform for electron
pulses. The waveform of the SE current exhibited ultrafast
electronic dynamics at the boundaries, carrier lifetimes, and
electric circuit responses. The temporal resolution can be
improved to reduce the influence of the space charge effect.
This technique is expected to provide a direct and
comprehensive understanding of the operational dynamics of
high-frequency electronic devices.
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