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ABSTRACT In the fields of photo-catalysis and photovoltaics, ultrafast dynamical processes, 

including carrier trapping and recombination on material surfaces, are among the key factors that 

determine the overall energy conversion efficiency. A precise knowledge of these dynamical 

events on the nanometer (nm) and femtosecond (fs) scales was not accessible until recently. The 

only way to access such fundamental processes fully is to map the surface dynamics selectively 

in real space and time. In this study, we establish a second generation of four-dimensional 

scanning ultrafast electron microscopy (4D S-UEM) and demonstrate the ability to record time-

resolved images (snapshots) of material surfaces with 650 fs and  5 nm temporal and spatial 

resolutions, respectively. In this method, the surface of a specimen is excited by a clocking 

optical pulse and imaged using a pulsed primary electron beam as a probe pulse, generating 

secondary electrons (SEs), which are emitted from the surface of the specimen in a manner that 

is sensitive to the local electron/hole density. This method provides direct and controllable 

information regarding surface dynamics. We clearly demonstrate how the surface morphology, 

grains, defects and nanostructured features can significantly impact the overall dynamical 

processes on the surface of photoactive-materials. In addition, the ability to access two regimes 

of dynamical probing in a single experiment and the energy loss of SEs in semiconductor-

nanoscale materials will also be discussed.  
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Interactions at material surfaces and interfaces have been among the most active areas of 

research in the last decade.
1-10

 This activity can be attributed to the important role that surface 

reactions play in a wide range of technological applications, including interfacial chemistry, n/p 

junctions and photovoltaics.
11-15

 However, understanding heterogeneous reactions on material 

surfaces requires both knowledge of the nature of these ultrafast dynamical processes, which can 

be obtained by fs laser spectroscopy, and high spatial and temporal control of the material 

surface after laser-pulse excitation. In the last several decades, time-resolved spectroscopy has 

often been applied to the study of relaxation pathways, carrier recombination and trapping in 

condensed matter, at different time scales ranging from fs to µs.
16-19

 Unfortunately, these 

techniques are limited by the laser’s relatively large penetration depth. As a result, information 

about the surface dynamics that are critical to the aforementioned applications cannot be 

accessed, and nanometer-scale spatial resolution cannot be achieved. 

The ability to access carrier dynamics selectively on material surfaces with high spatial and 

temporal control in a photo-induced reaction is a particularly challenging task that can only be 

achieved by applying four-dimensional ultrafast electron microscopy (4D UEM) with time-

resolved images that have nm and fs spatial and temporal resolutions, respectively. More 

specifically, four-dimensional ultrafast transmission electron microscopy
20-31

 has been developed 

as a new method for materials investigations that takes advantage of an unprecedented spatial 

resolution that cannot be achieved by optical means. Recently, as a new direction in 4D electron 

microscopy, the first generation of S-UEM with 740 fs and less than 10 nm temporal and spatial 

resolutions was developed on a scanning electron microscope (SEM) and was reported to be 

applicable to the visualization of materials dynamics, including surface solvation.
32-34

 Although a 

transmission electron microscope has better spatial resolution, S-UEM has several advantages, 

including simpler sample preparation, the ability to use a thicker specimen, and considerably 

better heat dissipation for dynamics studies, which results in a reduction of radiation damage. 

More importantly, in SEM, a typical detected signal (in a pixel-by-pixel recording) is mainly 

composed of SEs that are ejected from the material surface. Such a method provides direct 

access to many fundamental dynamical processes on material surfaces compared to the parallel 

processing of the image of bulk materials using the primary beam in the transmission mode. 

Spatial and temporal visualization has been extended to ultrafast transient absorption microscopy 
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to image dynamics in nanostructures
35

 and long-range carrier transport in semiconductor thin 

films.
36

 

The concept of S-UEM is entirely unique; the spatial resolution is that of a conventional SEM, 

and the time resolution is determined only by the ultrashort laser pulses involved and electron 

dispersion (see Figure 1), not by the deflection rate 
37

 or by the streak camera that is commonly 

used for optical detection.
38

 In addition, the SEM can be operated in an environmental mode that 

allows real-space imaging of the surface stability, including photo-degradation and reactivity of 

photoactive materials under various ambient conditions.  

   

Figure 1: A conceptual scheme for scanning ultrafast electron microscopy (S-UEM), showing 

side-illumination of the field emitter by fs ultraviolet pulses for pulsed electron generation, and 

the photon pulse for dynamics initiation. A variable optical delay line is used to adjust the arrival 

time of the pump pulse at the specimen surface, relative to that of the electron probe pulse.  

In S-UEM, a laser pulse excites the sample for dynamics initiation, as shown in Figure 1. 

Subsequently, an electron pulse is generated from the field emission gun by a time-delayed laser 

pulse and is used as the probe for imaging the carrier density on material surfaces in space and 

time.  

In this contribution, we establish the second generation of S-UEM and provide detailed 

information regarding pulse characterization, operation modes, laser integration and microscope 
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modification. Due to the absence of a space-charge effect between electrons (results from the 

low number of electrons/probe pulse), approximately 5 nm and sub-picosecond spatiotemporal 

resolutions are achieved. In one application of this method, we show that carrier trapping and 

recombination following fs laser excitation can be directly visualized by real-space scanning 

imaging. We also demonstrate that the morphology, grains and nanostructure of the material 

surface can impact the overall relaxation process. Photon-electron dynamical probing (photon 

pump-electron probe) is a commonly used technique, which we extend by using the electron 

impact of pulsed primary electrons from an emitter source to examine the dynamics of SE 

emission from materials surfaces by clocking with timed photon pulses. Such information is 

entirely new to the UEM methodology, and cannot be accessed by any time-resolved techniques 

or in UEM that is conducted in transmission mode. Finally, the energy loss of SEs of InGaN 

nanowires in response to optical excitation is imaged in real space and time. 

  The primary goal is to conduct pump-probe experiments in electron imaging by converting a 

continuous electron source into a pulsed emitter and to synchronize the time that the generated 

pulsed electrons arrive at the sample with the arrival time of a second optical pulse used to initiate 

dynamics. This provides a new, powerful methodology for imaging dynamical processes in real 

space and time. The experimental setup can be summarized as follows: the output of a high-

powered femtosecond Clark–MXR fiber laser system is integrated with a modified Quanta FEI-650 

SEM that is placed on an anti-vibration module to suppress interference from ambient vibrations. A 

laser with a 270 fs pulse width delivers IR pulses centered at 1030 nm, and can be operated at 

variable repetition rates ranging from 200 kHz to 25 MHz. The fundamental output was split by 1:1 

beam splitter so that it simultaneously pumps two second and third harmonic generators (HG, 

Clark-MXR) to produce 515 or 343 nm pulses. The output of the first HG (515 or 343 nm) is 

directed with precision through a pyrometric window and is tightly focused with a 125 mm focal 

lens onto the cooled Schottky field-emitter tip (zirconium-oxide coated tungsten). This photo-

generates electron pulses, which are then accelerated for probing using a 1-30 kV voltage. It is 

worth mentioning that we refresh the tip every 90 minutes by rising its temperature to  1800 
o
C to 

maintain its high surface quality of the tip. The output of the second HG enters the microscope at a 

50 degree angle relative to the surface normal through a viewport and is focused onto the specimen 

surface inside the microscope by a 175 mm focal lens for dynamics initiation. A computer-
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controlled delay line that covers the range of -0.60 to 6.0 ns was used to define the time axis of the 

time-resolved images recorded. It is worth pointing out that two nanosecond lasers with a delay 

generator are also integrated into the modified Quanta FEI-650 SEM to extend the dynamical time 

window to ns and µs time scales when needed.  For SEM operation, a working distance of 10 mm 

from the specimen surface is used throughout the experiment. The pulsed primary electrons from 

the emitter source will create secondary electrons and backscattered electrons from the surface or 

the bulk of the specimen as a consequence of the interaction. The SEs are typically generated at a 

depth of 1 to 5 nm below the sample surface and are subsequently collected by a positively biased 

Everhart-Thornley detector.
39

 The images are obtained either as a single frame with a dwell time of 

1 μs at each pixel, or as an integration of 64 frames with a dwell time of 300 ns. This integration 

suppresses image intensity fluctuations due to the ground and acoustic vibrations. In addition, a 

contrast-enhanced difference of the SE images from the laser-irradiated and unexcited regions can 

be extracted by referencing to a negative time frame before the arrival of the excitation pulses (see 

below). Finally, the time zero between the photon and the electron pulses was first estimated by 

calculating the travel distance for the two pulses after taking into account the speed difference 

between the photon and the electron at 30 keV. This is followed by imaging the change in charge 

distribution of materials surfaces i.e., CdSe or Si single crystals, while scanning the time delay.
34

 

 The surface phenomenon observed with S-UEM, namely, the formation of bright contrast inside 

the laser excitation region after optical excitation, can be understood in terms of photon-electron 

dynamical probing. When the surface of the specimen (Silicon or CdSe single crystals) is excited 

across the indirect or direct band gap of Si or CdSe single crystals by the 515 nm optical pulse (2.41 

eV) used for clocking, an inter-band carrier transition takes place, and a fraction of the valence-

band electrons are promoted to the conduction band. As a result, compared to an unexcited 

specimen, the promoted electrons have a higher probability of emitting SE above the vacuum level 

when they are scattered by the energetic primary electron beam. This results in an enhancement 

(energy gain) of the image contrast (See Figure 2A). Furthermore, the energy gained from the 

optical excitation may also cause a slight increase in the effective escape depth of the specimen 

surface, and may also enhance SE emission. Interestingly, a dark contrast is observed in the laser-

illuminated region when the electron pulse arrives ahead of the optical laser pulse by tens of ps, 

especially in the case of a CdSe single crystal (101̅0). This new regime of electron-photon 

dynamical probing will be discussed below. 
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 As stated in the introduction, S-UEM is entirely unique in that it has the spatial resolution of a 

conventional SEM, and the time resolution is determined only by the duration of the initial 

photon pump and electron probe pulses. To determine the spatial resolution of our instrument, 

we imaged Au nanoparticles using three spot-size settings for the SEM and a 2.1 nJ pump pulse 

energy with a 25 MHz repetition rate to generate pulsed electrons from the emitter tip. As seen in 

the top panel of Figure 2B, a high quality image with approximately 5 nm spatial resolution can 

be achieved. It is noteworthy that a laser-off scan of the same image (Figure 2B, lower panel) 

shows negligible background intensity due to thermal electrons. This indicates that all of the 

electrons used in taking these images are pulsed. On the other hand, the time resolution of S-

UEM does not depend on the response time of the streak camera and the deflection rate that is 

commonly used for optical detection. Instead, it is determined only by the ultrashort laser pulses 

involved in time-resolved experiments and is controlled by a optomechanical delay line. As seen 

in Figure 2C, there is a time-dependent change in a fresh cross section of a CdSe single crystal 

(0001) in response to optical excitation. This occurs with a rise time of 650 ± 100 fs (obtained 

from the fit to an error function, b + aerf[(t-t0)/τ]), when the pulse energy of the electron-

generating pulse was 0.21 nJ before the entrance of the microscope. It should be noted that the 

temporal resolution of 650 fs is slightly lower than the cross-correlation between the electron 

probe and the photon pump (~400 fs). This may be originated from the energy spread of pulsed 

electrons in S-UEM. On the other hand, higher number of photo-generated electrons at the 

emitter source could cause significant broadening of the temporal profile
40

 due to electron-

electron repulsion. More specifically, our power dependence experiments performed at a 12 

MHz repetition rate indicate that the temporal resolution decreases when the electron density is 

increased (See Figure 3). The temporal resolution degrades from 0.65 ±0.10, 0.98 ± 0.13, 1.7 ± 

0.20 to 3.2 ± 0.15 ps when the number of electrons/pulse (on the specimen) is increased to 5, 10, 

20 and 40, which corresponds to pulse energy of 0.21, 0.42, 0.84 and 1.68 nJ, respectively. 

Figure 4 shows the dynamical changes in the SE signal for CdSe (101̅0) single crystals (left-

panel images) and powder film of the single crystal (right-panel images). It is clear from the 

figure that there is no change in the difference images that have a large negative time delay (i.e., 

350 ps before the arrival of the clocking laser pulse), which is a clear indication that the 

specimen has relaxed back to its initial state before the next excitation pulse arrives. This shows 

the reversibility of time-resolved experiments for scanning imaging. On the other hand, 
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immediately after the arrival of the pump pulse, a bright contrast appears within the region of 

laser irradiation. This increase in the intensity of SE emission results from the promotion of a 

carrier to the conduction band upon optical excitation. As discussed previously, an inter-band 

electronic transition takes place in the photon-electron dynamical probe regime, through the 

2.41-eV photoexcitation of an electron across the direct band gap of CdSe (1.73 eV). Higher 

probability of SE emission is expected for these energetic electrons upon scattering by the 

pulsed-primary electrons, compared to an unexcited specimen. In addition, due to the energy 

gain from optical excitation, a slight increase in the effective escape depth is also expected, 

which causes additional enhancement of the SE emission. Intriguingly, a low contrast is 

observed in the laser-illuminated region when the electron pulse arrives before the clocking laser 

pulse at -13 ps time delay (See Figure 4).  

   

Figure 2: (A) Mechanisms for the dynamics observed in S-UEM where the valence band 

electrons are promoted to the conduction band upon optical excitation and high contrast is 

recorded due to the energy gain at the center of the excited region. The dashed ellipse indicates 
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the location of the laser on the specimen. (B) S-UEM spatial characteristics (upper) image of 

gold nanoparticles at 500 nm scale bar from a laser-on scan. From the high resolution image, 

particles as small as 5 nm diameter could be clearly seen, thus establishing a 5 nm spatial 

resolution. Finally, a laser-off scan of the same region (lower) shows negligible background 

intensity, indicating the absence of any contribution from thermal electrons. (C) S-UEM 

temporal characteristics: Contrast-enhanced difference of the SE images, referenced to a negative 

time frame directly before and after t = 0. SE intensity change at the center of the excited region 

s as a function of time, obtained using 12 MHz repetition rates. The solid lines are fit to an error 

function for the dynamics.  

This new regime of electron impact is known as electron-photon dynamical probing and is 

only possible if the later-arriving photons cause a suppression of the SE emission. Because all 

typical detectors in SEM machines are time-integrating devices,
41

 the nature of SE dynamics 

following the impact of primary electrons has not attracted the attention of the electron 

microscopy community. In this regime, there are two different mechanisms that may be 

responsible for the low contrast at negative time delays: a) the SE generation delayed in time by 

backscattered electrons (BSEs) traveling a longer distance from greater bulk depths via inelastic 

scattering. In this case, when the pump pulse arrives during the dynamical process, it creates 

additional low-energy electron-hole pairs, and these may act as scattering sources that hinder SE 

generation, causing a dark contrast with a negative time delay of tens of picoseconds. However, 

we found that the time scale required for BSEs to approach the surface and generate SEs does 

not support this mechanism. For instance, if we assumed that a BSE with an energy of 30 or even 

1 keV (with speeds of ~1 × 10
8
 and 1.9 × 10

7
 m/s, respectively) traveled 2 microns, which is 

typical depth from which a BSE can be emitted, this implies a decay time of  20 and 100 fs, 

respectively. Based on this information, a decay time of tens of ps cannot be justified or 

explained by SEs generated by a long-traveling BSE. This indicates that the low contrast 

observed is due to a slower dynamical process, such as the diffusion process for plasmon-excited 

carriers (generated by electrons),
42

 which can be perturbed by the clocking photon pulse. In this 

scenario, the typical value for an ambipolar diffusion constant is  0.52 cm
2
/s.

43
 If we assume 

that the 100 or 50 nm ranges constitute the part of the distribution that could eventually 

contribute to the SE signal, we obtained (using L
2
/D) a time constant of 192 and 48 ps, 

respectively. This seems to be more reasonable explanation for the dark contrast, observed at 

tens of ps. 
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Figure 3: SE intensity change at the center of the excited region as a function of the time delay 

obtained at different fluence values for the electron-generating pulse. Graph shows the sensitivity 

of the temporal resolution to the number of electron per pulse. The rise time ranges from 3.2, 1.7 

and 0.98 ps to 650 fs, when increasing the number of electrons/pulse from 40 (A), 20 (B) and 10 

(C) to 5 (D). The solid lines are fit to an error function for the dynamics. 

 b) If SEs can undergo several scattering processes (i. e., scattering with photo-induced 

electron/hole) and therefore lose energy while they are migrating toward the specimen surface, a 

decrease in SE emission is expected and would lead to low contrast. The energy loss for SE is 

caused mainly by inelastic electron–electron, electron–phonon and electron–impurity scattering. 

These three dynamical processes can be distinguished based on their time scales. For instance, 

electron–electron scattering takes tens of femtoseconds, and electron–phonon scattering takes a 

few picoseconds. On the other hand, electron–dopant/impurity scattering is much slower because 

it may involve carrier trapping and recombination.
32

 In this particular case, the corresponding 

time constant is 26 ± 4 ps, and 50 ± 10 ps (see Figure 5, top panel) for single crystal and the 

powder film, respectively, indicating that electron–dopant/impurity scatterings are dominant in 

the dark contrast images. This change in the SE dynamics can be understood by considering the 
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impurity and dopant atoms and their role as scattering centers that delay SE emission. It should 

be noted that the impurity, morphological steps and surface defects can act as additional sources 

of SE delay in the powder film, and may be more important than SE emission, compared to the 

dynamics in the single crystal. This observation provides the first direct observation of ultrafast 

electron-impact dynamics in real space and time. 

  

Figure 4: Time-resolved difference images of CdSe single crystals at selected time frames, 

obtained with 30-keV primary electrons (left panel). Time-resolved difference images of the 

crystalline powder film (made through mechanical grinding of a CdSe single crystal) at selected 

delay times (right panel). The dashed ellipses indicate the footprint of the clocking optical beam 

on the specimen. Scanning electron micrographs of the single crystal and the crystalline powder 

film is shown in the Inset, left and right panels, respectively, where more nano- and micro-

structured features, grains, and defects can be observed on the powder film.  

To confirm that the morphology, grains and surface defects are key components for controlling 

the carrier dynamics on materials surfaces, we conducted time-resolved imaging on a crystalline 

powder film made by mechanical grinding of a CdSe single crystal (See Figure 4, right panel). A 

fast recovery of the bright contrast is observed due to carrier recombination, with characteristic 

time constants of 6 and 273 ps. The two time constants can be attributed to different scattering 

sources i.e., grains, structured features and defects (inset of Figure 4, right), and thus serve as 
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surface trapping centers to remove a substantial portion of the excited carriers that create high 

contrast. This surface information cannot be selectively obtained by time-resolved laser 

spectroscopic techniques because they are limited by the laser’s relatively large penetration 

depth, and therefore these techniques record mainly bulk information. To conclude this section, 

two regimes of dynamical probing have been conducted and explained in details for the first time 

in a single time-resolved experiment, as described in Figure 5, middle and lower panels. 

     Understanding energy loss mechanisms is crucial for basic understanding and development of 

semiconductor microelectronic and optoelectronic devices, such as light emitting diodes and 

laser diodes. In this regime, carrier-carrier scattering and carrier-longitudinal optical (LO) 

phonon scatterings (electron-phonon, hole-phonon) are the dominant energy loss mechanisms in 

semiconductors.
44

 Typical time scales for these processes range from fs to ps.
45

 

 

Figure 5: (Top panel) dynamics of SE intensities obtained from the center of the excited region 

for CdSe single crystal (red) and the crystalline powder film (green). The solid lines are the 

results of multi-exponential fits. It should be noted that the recovery of the bright contrast to the 

initial state (signal fades away) is due to the carrier recombination. (Middle panel) Schematic for 

the information on dynamics obtained in the CdSe single crystals and powder films, in the 

regimes of electron-photon and photon-electron dynamical probing (see text). Shown in the 

lower panel are contrast change in the images of the CdSe single crystal and its powder film in 

the two regimes of probing. 
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These scattering processes lead to spectral broadening and limit the mobility of charge carriers, 

as well as the speed and efficiency of semiconductor devices.
44,45

 Figure 6 shows the difference 

SEs images for InGaN nanowires after optical excitation at 515 nm. Unlike the case of CdSe and 

Si, where bright contrast is observed at positive time delays, the measured contrast is dark in this 

instance. In this case, at positive times, the InGaN nanowire is excited across the band gap (1.62 

eV) by the optical pulse and an increase in the electron population of the conduction band will be 

achieved. However, the promoted electrons are still subject to the scattering processes in the 

conduction band. Because the effective cross-section for the scattering of SEs with conduction 

electrons is expected to be much higher than that with valence electrons,
32

 a decrease in SE 

emission will give rise to a low contrast. More details, including the mechanism, insights into the 

carrier-diffusion dynamics and complimentary fs transient absorption spectroscopic data, will be 

provided in our full account of this work. 

    

Figure 6: Time-resolved difference images for InGaN nanowires at selected time frames upon 

optical excitation at 515 nm and obtained with 30-keV pulsed primary electrons.  
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In summary, two regimes of dynamical probing can now be differentiated in a single 

experiment using second generation four-dimensional scanning electron microscopy (S-UEM) 

developed recently at KAUST. One regime occurs at negative and the other at positive time 

delays. These are referred to as electron-impact dynamics clocked by photons and photon-

electron dynamical probing, respectively. We tested the capabilities and potential applications of 

S-UEM in exploring carrier trapping, recombination and SE energy loss on the surface of 

semiconductor materials. Our time-resolved SE images show how morphological steps, grains, 

nanostructured features and defects on material surfaces can control the overall carrier relaxation 

processes. In addition, an experimental method that uses electrons to initiate dynamics and 

clocking by photons provides a means of studying the dynamical behavior of secondary electron 

emission in real time, and for the first time. The methodology and results of the proposed 

research will have a significant impact on the surface chemistry, photo-catalysis and 

photovoltaics research communities by providing a method of measuring ultrafast surface 

dynamics and charge transfer at interfaces in real space and time. 
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