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ABSTRACT: Visualizing charge carrier flow over interfaces or near surfaces meets great

)
challenges concerning resolution and vastly different time scales of bulk and surface ,,, : Q_IW.
%, ;

ETD
St

dynamics. Ultrafast or four-dimensional scanning electron microscopy (USEM) using a laser T

pump electron probe scheme circumvents the optical diffraction limit, but disentangling ¢ S v“‘: /// g toden
surface-mediated trapping and ultrafast carrier dynamics in a single measurement scheme has "w T
not yet been demonstrated. Here, we present lock-in USEM, which simultaneously visualizes [

fast bulk recombination and slow trapping. As a proof of concept, we show that the surface Ihm—
termination on GaAs, i.e,, Ga or As, profoundly influences ultrafast movies. We demonstrate g o

the differences can be attributed to trapping-induced surface voltages of approximately 100—
200 mV, which is further supported by secondary electron particle tracing calculations. The
simultaneous visualization of both competing processes opens new perspectives for studying
carrier transport in layered, nanostructured, and two-dimensional semiconductors, where
carrier trapping constitutes a major bottleneck for device efficiency.

bserving and controlling the motion and recombination is naturally limited, leading to an exquisite sensitivity to

of excited charge carriers are keys to the functionality of surface-related phenomena.’” Indeed, marked differences in
semiconductor devices. Concomitant with miniaturization of subsurface carrier diffusivity for differently functionalized
device components, the relative contribution of trapping and CdTe have recently been revealed using USEM.” However,
recombination at surface or interface defects is increasing the visualization of trapping at the surface together with the
compared to that of bulk dynamics. Nevertheless, continuous ultrafast carrier recombination dynamics has not been
miniaturization has so far been driving progress in many areas demonstrated. Visualizing trapped states is important for two
of technology, e.g.,, boosting computational power and clock reasons. First, highlighting where and the extent to which
speed in computer chips, increasing brightness and uniformity carrier trapping occurs allows for optimization of device
in lighting applications and displays, and enhancing efficiency fabrication and subsequent quality control, including surface
in solar cells.' ™ In fact, nanocomposite or nanostructured cleaning and termination strategies. Second, trapped charges
building blocks can now be found or have been proposed in may lead to the occurrence of localized potentials that could,
many of these devices.”” However, interface effects are depending on their magnitude, in turn impact carrier transport
becoming or, as in layered semiconcli(l)i_cfgr solar cells, already and recombination near the interface. Directly decoupling

are the main limitation of efficiency.

Traditionally used optical techniques are incapable of
meeting the nanometer-range resolution requirement to map
the flow of charge carriers over interfaces, and further
complications arise from bulk and surface dynamics occurring
on time scales that can differ by orders of magnitude."*”"” In
ultrafast scanning electron microscopy (USEM), a focused

ultrafast bulk dynamics and longer time-scale surface-induced
trapping in USEM would thus provide more insight into the
interplay between these competing mechanisms and thus aid
further optimization of nanostructured semiconductor devices.

Here, we introduce lock-in secondary electron detection in
USEM and show that it allows the detection of processes

: ; ; slower than the pump—probe repetition rate simultaneously
electron beam is used to probe the dynamics of a charge carrier . . s .
with bulk relaxation. Thus, within the ultrafast movie, we can
distribution after laser excitation, thus bringing electron beam he £ 1 ics of th 1
resolution into the traditional pump—probe schemes 18-21 study the fast nanosecond-scale dynamics of the sample as a
With USEM, carrier dynamics has been studied in bulk
materials such as Si and GaAs, in crystals including CIGSe and
CdSe, and in layered materials like black phosphorus and
across a silicon p—n junction.n_31 In all schemes, low-energy,
0—10 eV, secondary electrons (SEs) are used as the probe
signal. As these SEs typically have a very short, only a few
nanometers, mean free path, the bulk contribution to the signal
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Figure 1. Lock-in USEM disentangles bulk recombination and surface trapping in GaAs from a single ultrafast measurement sequence. (a) In lock-
in USEM, a laser pump electron probe scheme is used to map carrier dynamics through spatiotemporal variations in the secondary electron (SE)
signal that are amplified through lock-in detection. (b) Scanning a GaAs (100) sample at various laser electron delays gives an ultrafast laser-
induced SE image sequence. This shows the effect of carrier excitation at 0 ns on the SE yield, with the profile after ultrafast carrier relaxation
matching that at negative times. (c) This movie can then be separated into the fast dynamics (<10 ns, top row) and slow relaxation processes,
including carrier trapping (bottom right panel), allowing for data on both time scales to be acquired in a single measurement. The average intensity
of the five darkest pixels in the fast dynamics figures decays single exponentially with a 2.0 & 0.5 ns time constant, corresponding to the expected

bulk carrier relaxation time of the material. Scale bars of 50 ym.

function of pump—probe delay, while the slow dynamics is
imprinted in the longer pump—probe delays where the
detector is effectively gated to remove the fast dynamics.

We use GaAs to illustrate our lock-in SEM. GaAs is a [II-V
semiconductor often used in optoelectronic applications, either
directly or as a base material for further epitaxial growth of
layered or nanoscale devices.”* The GaAs interface has been
well studied and exhibits a different landscape of trap states
depending on the crystal orientation.>*® The (111)
orientation in particular displays a smooth interface terminated
with either a Ga or an As atomic layer.”**” The landscape of
trap states on GaAs surfaces is known to give rise to the
occurrence of surface voltages upon photoexcitation on the
order of only 100—200 mV.”® We will show that despite this
small potential difference, our implementation of lock-in
USEM reveals a marked difference in image contrast pattern
between the (111)A and (111)B orientations. We will further
show that this pattern formation can indeed be assigned to the
slow, ie, surface trapping-induced, component in carrier
relaxation, while in both cases, the fast dynamics is governed
by direct carrier recombination. We confirm our results
through particle tracing simulations, electron spectroscopy,
and direct sample current measurements. The ability to
observe both trapping-induced localized voltages and ultrafast
carrier transport underneath and around these locations may
provide new avenues for inspection and optimization of
semiconductor nanodevices and the study of carrier dynamics
in and around interfaces.

In USEM, a pulsed laser beam excites electrons from the
valence to the conduction band while a pulsed electron beam
scans the sample at a set time delay with respect to the laser
pulse. The presence of photoexcited charge carriers leads to a
modification of the SE yield, which is probed by the electron
pulse.””*” Through this laser-induced SE yield (LISE), i.e., the
change in SE yield due to photoexcitation, the electron pulses
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thus probe the diffusion and relaxation of the excited carriers in
time and space.

Our lock-in USEM setup (see also Figure 1a and Figure S1)
combines a 95 MHz Coherent Vitara-T Ti:Sapph femtosecond
laser at 800 nm with a pulsed electron beam (sub-100 ps at 4
keV40) in a FEI Quanta 200 FEG SEM instrument. Contrary
to earlier implementations of USEM that have all required
laser illumination of the electron source,””>”*' we use a
standard commercial beam blanker to pulse our electron beam
(see also section S1 of the Supporting Information and ref 40).
Beam blankers are a well-established way to create pulsed
electron beams™~** but have thus far not been applied to
USEM systems. Moreover, we modulate the laser beam with a
940 Hz chopper and apply lock-in detection to directly extract
the LISE signal from the SE detector (Figure la). While
previous implementations relied on subtraction of long or
negative time delay data to obtain the LISE signal,”"***" this
lock-in scheme ensures that any processes with a characteristic
frequency between the pump—probe repetition frequency of
95 MHz and the 940 Hz chopping frequency will also be
visible, on top of the ultrafast dynamic information. Addition-
ally, the lock-in detection filters out minor drift-induced
variations in the brightness of the image.

We illustrate our lock-in USEM acquisition in Figure 1 using
(100)-oriented GaAs, cleaned immediately before being
mounted in the USEM instrument (see section S2 of the
Supporting Information). A bright laser-induced secondary
electron (LISE) signal is observed in Figure 1b for pump—
probe delays of 5—10 ns, i.e., approaching the inverse of our
laser repetition frequency and, more importantly, much longer
than the typical GaAs carrier lifetime of ~2 ns.*>~*’ Upon laser
illumination, this bright spot instantly disappears, after which,
with an increasing pump—probe delay, first dark side bands
appear at At = 1 ns, followed by a gradual recovery of the
bright signal. We attribute the persistent laser-induced
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Figure 2. Visualization of trapping-induced contrast variations in ultrafast sequences of differently terminated GaAs (111). (a) GaAs (111) comes
in a Ga-terminated A variant (top row) and an As-terminated B variant (bottom row), which display strikingly dissimilar ultrafast lock-in USEM
image sequences, with a dipolar pattern appearing for the GaAs (111)B variant. In crystal structure images, solid-colored atoms correspond to Ga
and dashed atoms to As. (b) Decomposing the videos in the slow components (images, right) and the ultrafast dynamics (graphed, left) in the
same way as in Figure 1 reveals that the underlying bulk carrier lifetime is similar for both surfaces. Thus, the contrast differences originate from the
slower processes and are attributed to different local surface voltages that develop due to carrier trapping but do not strongly affect the subsurface
carrier lifetime. Scale bars of 50 ym.

enhancement of the SE signal that occurs long after laser pulse with the maximal spreading of photoexcited carriers in the top
illumination to the trapping of photoexcited charge carriers at row of Figure lc. Thus, the two photoexcitation relaxation
trap states on the GaAs surface. pathways of bulk recombination and trapping at surface defects
GaAs surfaces are well-known for containing trap states that both affect the LISE signal in qualitatively different ways and
can have lifetimes significantly longer than our 10 ns pump— can, despite their different time scales, both be visualized in the
probe repetition rate.*® We note that lock-in detection allows same lock-in USEM measurements.
for their detection provided relaxation is faster than the 1 kHz Surface composition and morphology can profoundly
laser chopping frequency. As we will show later, the presence influence the nature of surface trap states;””*° as the (100)
of these trapped charges leads to an increase in the SE surface is known to be terraced containing a multitude of
detection efficiency through the action of an induced local surface reconstructions over small length scales, we switch to
electric field at the vacuum side of the interface. We will refer the (111) orientation to illustrate this. The (111)-oriented
to this surface trapping with a time constant in the range from GaAs crystal exists in a gallium-terminated variety termed
10 ns to 1 ms as the slow component in the carrier relaxation GaAs (111)A and an arsenide-terminated variety termed GaAs
dynamics. Under the assumption that this slow component (111)B.>**” The A and B variants thus have the same bulk
contributes equally to the LISE signal for all delays, we extract structure but differ in their surface layer (Figure 2a) and
the fast dynamics by subtracting the long pump—probe delay thereby exhibit a different energy landscape at the interface.

image from all other images (Figure 1c). In this way, we obtain We perform USEM measurements on both GaAs (111)A and
the typical dark contrast images previously reported for USEM GaAs (111)B following the same cleaning procedure

on GaAs using the reference image subtraction technique.” mentioned above (section S2 of the Supporting Information).
Here, the dark contrast is seen to spread and return to the Our lock-in USEM gives a strikingly different appearance for
background signal on a 0—S5 ns time scale. Plotting this fast the LISE images obtained on GaAs (111)A compared to those
LISE component versus delay time (Figure lc), we indeed obtained on (111)B (Figure 2a). Where the (111)A Ga surface
recover a single-exponential lifetime (7) of 2.0 + 0.5 ns, typical shows a bright spot for the longer time delays similar to that
of bulk carrier recombination. Four other measurements on obtained for the GaAs (100) surface, the (111)B As surface has
two additional chips resulted in lifetimes of 1.9, 1.9, 1.9, and a markedly smaller and more elliptical high-intensity spot.
2.0 ns (data not shown). Note that the occurrence of the dark Immediately after laser illumination, this difference becomes
side bands in the LISE signal in Figure 1b at 7 = 1 ns coincides even more pronounced with the (111)B surface developing a
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strong dipolar profile oriented perpendicular to the long axis of
the laser illumination profile. The dark contrast lobe in this
dipolar profile gradually diminishes with an increase in delay
time. However, if, for both surfaces we subtract the slow
component (image panels in Figure 2b) from the temporal
dynamics like we did for the GaAs (100) above, we retrieve
lifetimes of 2.1 and 2.3 ns for GaAs (111)A and GaAs (111)B,
respectively (Figure 2b). An additional measurement on
different chips gave values of 3.0 and 1.9 ns, respectively
(data not shown). These ultrafast relaxation rates are
reminiscent of bulk carrier recombination.

Despite the similarity of the underlying ultrafast carrier
decay rate, the modulation of this ultrafast component with the
persistent longer time-scale contribution gives rise to the even
more dissimilar appearance of the LISE images for delays of a
few nanoseconds, including the appearance of the dipolar
contrast profile for GaAs (111)B. Like for GaAs (100), we
attribute the slow component to carrier trapping at the GaAs—
vacuum interface. This occupation of surface traps and the
accompanying separation of charge carriers lead to the
occurrence of a net surface potential.** The magnitude and
sign of this surface potential depend on the density and energy
levels of the trap states, which are different for different surface
terminations and/or bulk crystal orientations. The surface
potential in turn influences the trajectories of the low-energy
secondary electrons,”” leading to a surface potential-dependent
LISE collection efficiency. To examine this in more detail, we
show in Figure 3a diagonal cross sections for the intensity
observed on the A and B surface lock-in USEM images at 7 =~ 8
ns. Asymmetric profiles are observed for both variants. The B
variety shows a clear dip adjacent to a region of increased SE
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Figure 3. Trapping-induced local surface voltages lead to a spatially
varying secondary electron collection yield that is responsible for the
dipolar pattern on GaAs (111)B. (a) Diagonal cross section of laser-
induced SE signal figures from top left to bottom right at an 8 ns
pump—probe delay for GaAs (111)A and GaAs (111)B. For both
curves, the number of SEs collected from the side of the laser spot
closest to the detector is lowest. However, for the B variant, the
contrast inversion is clearly visible; this is absent for the A variant. (b)
Simulated SE collection efficiencies in the presence of a 100 and 200
mV Gaussian surface potential reproduce the dipolar contrast
inversion when the surface voltage increases toward 200 mV.
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emission. This dip is slightly off center from the laser
illumination spot. We note that this left side of the curve,
and thus the top left corner of the LISE images in Figures 2
and 4, is the position that in our experimental configuration is
closest to the location of the SE detector. The dip is absent in
the A variety, but here a smaller LISE yield is also observed on
the left side of the photoexcitation region. Both surface
terminations therefore exhibit asymmetry in the LISE images
but to a different degree, which we argue is due to a difference
in surface potential.

We corroborate our interpretation of a surface potential-
induced variation of collection efficiency with SE collection
efficiencies obtained from particles tracing simulations in the
presence of a 100—200 mV photoinduced surface potential
(details of the simulation are given in section S3 of the
Supporting Information). The calculated probability of SEs
reaching the Everhart—Thornley detector (ETD) as a function
of release position shows a marked similarity with our
experimental results (Figure 3ab). A surface potential of
100—200 mV already results in a clearly asymmetric, dipolar
shape of SE collection efficiency. The calculated change in SE
collection efficiency is on the order of a percent, comparable to
the amplitude observed in the experiment. Thus, the dipolar
contrast profile appears to be due to a combination of
reabsorption of SEs and redirection of emitted SEs to the
detector. As the ETD field is rather weak in the space between
the grounded SEM pole piece and the sample (see also Figure
S3a), many SEs are not sufficiently redirected and hit the pole
piece instead of arriving at the ETD. Slowing these electrons
with a local, positive surface potential partially prevents this
from occurring. Moreover, SEs originating from the farther
side of the laser illumination spot, as seen from the ETD, are
not only slowed but also deflected toward the ETD by the
surface potential. For electrons on the other side of the laser
spot, the opposite occurs with the ETD field and surface
potential field competing and thus creating a decrease in the
SE collection efficiency in line with our experimental results.
This surface potential-induced modulation of the SE collection
efficiency is complementary to a possible change in SE yield,
which is unrelated to the detector geometry and therefore
intrinsically symmetric.

The surface potential of 100—200 mV corresponds to
literature values of GaAs surface photovoltages that develop
during continuous laser illumination.*”™>* On  perovskites,
surface photovoltages of ~5 V arising from continuous laser
illumination have been recently reported to influence SE
trajectories to such an extent that a position-dependent
collection efficiency can be observed.”® We exclude the
occurrence of localized surface potentials of this magnitude
using a home-built retarding field analyzer (see section S4 of
the Supporting Information). Here, a retarding field between
sample and ETD prevents SEs with an energy smaller than the
field magnitude from reaching the detector. The SE energy
spectrum at each incident beam scan position is thus measured
by varying the magnitude of the retarding field and collecting
the transmitted electrons to construct an S curve. We observe
no major shift in the curves obtained on laser-irradiated areas
versus unirradiated areas on GaAs (111)B (Figure 4ab),
meaning the difference in surface potential is less than the
sensitivity of the spectrometer, i.e., $250 mV. This is in stark
contrast to calibration measurements using a biased copper
wire that show clear curve shifts when an externally applied
local potential is on the order of >1 V (figure S7). Finally, we

https://dx.doi.org/10.1021/acs.jpclett.0c02345
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Figure 4. Retarding field spectral analyzer and direct sample current measurements confirm contrast variations are caused by small localized surface
voltages. (a) Lock-in USEM result for GaAs (111)B with a 0 V retarding field on a grid placed above the sample. Regions of interest where the
signal on the SE detector is monitored while the retarding voltage on the grid is varied are indicated with colored boxes. (b) For these regions,
similar S curves are obtained, meaning the surface potential is <250 mV. (c) Measuring the current through the sample with the bias field on the SE
detector switched on, we observe the contrast pattern inverted. (d) Switching the SE detector bias field off, we see the contrast pattern disappear,
confirming the pattern is caused by an asymmetry in SE collection efficiency. Scale bars of S0 ym.

note that the observed asymmetry in the lock-in USEM images
results from the combined action of the local surface potential
and the ETD bias field that attracts the SEs. Indeed, if we
measure the current through the sample as a function of scan
position, the dipolar asymmetry disappears when the ETD bias
field is switched off (Figure 4c,d). Thus, we conclude that lock-
in USEM enables simultaneous visualization of photoexcited
carrier relaxation via bulk recombination as well as trapping at
energy states located at the interface.

The ability to see ultrafast carrier motion in relation to
trapping-induced localized voltages provides new avenues for
studying carrier transport in and across heterojunctions,
underneath nanostructured surfaces, or at edges or layer
transitions in two-dimensional materials. Locations for charge
buildup can be directly visualized and related to changes in
carrier recombination near the defect site. In the character-
ization of semiconductor nanodevices, lock-in USEM can
enable the identification of spatial inhomogeneities that lead to
trapping and thus aid the development of optimized fabrication
processes and allow for quality control. Addition of an SE
energy spectrum analyzer, like our initial retarding field
analyzer, allows a direct evaluation of the magnitude of
localized surface potentials, while the influence of the resulting
internal field on charge dynamics can be monitored on time
scales of nanoseconds or faster. We evaluated smooth
interfaces, but localized impurities or defects that occur in
fabrication may lead to larger local potentials. Lock-in USEM
allows visualization of these fields, while their influence on
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local carrier transport can be simultaneously measured. Thus,
we finally have the intriguing prospect of seeing charges move
and recombine in and around the fields generated by trapped
charges at high spatial and temporal resolution. This will
ultimately aid the development of semiconductor nanodevices,
for instance, in photovoltaics and photodetection, where the
optimization of the ratio between bulk dynamics and surface
trapping is crucial in optimizing device performance.
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