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Abstract: Charge carrier dynamics at material surfaces and interfaces play a fundamental role in 1 

controlling the performance of photocatalytic reactions and photovoltaic devices; however, precise 2 

characterization of the surface dynamical properties of a material with nanometer (nm) and 3 

femtosecond (fs) spatial and temporal resolutions, respectively, is a precondition for profound 4 

understanding and is thus urgently needed. Many techniques have been developed to meet this 5 

demand, but barely of them have simultaneous excellent surface sensitivity (depth resolution) and 6 

sufficient spatiotemporal resolutions, except for a one-of-a kind second generation scanning 7 

ultrafast electron microscope (S-UEM), which has been established and developed at KAUST to 8 

provide direct and controllable dynamical information about the ultrafast charge carrier dynamics 9 

and the localization of electrons and holes on the photoactive material surface and interfaces. In 10 

this feature article, the instrumentation, working principles, new capabilities, and unique 11 

applications of S-UEM in the ultrafast characterization of material surfaces and interfaces, 12 

including charge carrier injection, surface-carrier diffusion, surface carrier trapping and 13 

recombination, are systematically summarized and inspected. Future developments from both 14 

theoretical and experimental perspectives are also discussed. 15 

 16 

1. Introduction 17 

Surface dynamics, which consist of surface acoustics,1, 2 deformation dynamics,3, 4 and  charge 18 

carrier dynamics,5, 6 including carrier transport, trapping and recombination, are the key factors 19 

determining the performance of photovoltaic devices,7 photocatalytic reactions,8 and surface 20 

acoustic wave devices.9, 10 21 

Charge carrier dynamics, which are largely determined by surface defects,8, 11 such as 22 

compositional and vacancy defects,12 crystallographic and grain boundary defects,13-15could be the 23 
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dominant factor that significantly suppresses the photoconversion efficiency (PCE) of 1 

optoelectronic devices.16-18 In this regard, minimizing surface defects is an extremely crucial task 2 

for a large variety of light conversion applications.19-22 Thus, to pursue a higher efficiency of light 3 

conversion, one needs to profoundly understand both theoretically and experimentally how surface 4 

treatment and engineering affect the ultrafast surface carrier dynamics at the device’s interface. To 5 

precisely investigate the ultrafast surface carrier dynamics of photoactive materials, excellent 6 

surface sensitivity methods are required.  7 

To achieve the spatiotemporal visualization of charge carrier dynamics with an ideal surface 8 

sensitivity, time-resolved surface characterization techniques, mostly based on the pump-probe 9 

concept, were employed.23-26 For instance, transient absorption microscopy (TAM) has been 10 

developed to detect charge carrier dynamics in different materials, varying from graphene27 to 11 

perovskites,28 with reasonable spatiotemporal resolutions of 50 nm and 200 fs.29 The latest  12 

development of TAM with  spatial-temporal resolutions of sub-10 nm and 12 fs, respectively is 13 

recently  reported by Rao and coworkers30 for imaging material interfaces and grain boundaries in 14 

real space and time. Being in this regime, Huang and co-workers have published an important 15 

review with more detailed information on TAM.31 On the other hand, a popular methodology 16 

known as time-resolved photoemission electron microscopy (TR-PEEM) also adopts optical-17 

pump-optical probe configuration with excellent spatiotemporal resolutions.32-34 Finally, time-18 

resolved near-field scanning optical microscopy (SNOM) with a sharp optical-fiber tip can achieve 19 

~ 100 of nm and ~ 100 fs spatiotemporal resolutions, respectively.35 However, the main 20 

shortcoming of these powerful techniques is their poor surface sensitivity caused by the intrinsic 21 

deep penetration characteristic of the optical pump and probe pulses, which usually range in depth 22 

from a single digit nm for metals,36 and 10s of nm to a few μm in semiconductor materials and 23 
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insulators;37 thus, the carrier dynamics information is largely obtained from the bulk, not surface 1 

exclusively. Ultrafast thermomodulation microscopy (UTM) has recently addressed this 2 

shortcoming by adopting a novel probe strategy, scanning the ultrafast changes in reflectivity due 3 

to temperature differences at various distances from the excitation region of the specimen. It also 4 

achieved an excellent 20 nm spatial resolution and a time resolution of 250 fs;38 however, due to 5 

the requirements of rapid heat dissipation, its application scope is limited to materials with a high 6 

thermal conductivity, such as metals. These emerging techniques can provide abundant 7 

information on charge carrier dynamics, but none of them are capable of selectively tracking 8 

surface carrier dynamics with the required resolutions in real space and real time, simultaneously.  9 

Ultrafast electron microscopy (UEM), a technique that integrates fs temporal resolution from 10 

ultrafast lasers and atomic spatial resolution from electron microscopies, was established and 11 

developed by Zewail and co-workers at CALTECH39 and implemented in transmission ultrafast 12 

electron microscopy (T-UEM) in 2006.40, 41 T-UEM is a powerful technique for tracking 13 

fundamental photoinduced physicochemical events, such as ultrafast phase transformation,42 14 

anisotropic morphological dynamics,43 nanoparticle rotational dynamics,44 phonon dynamics45 and 15 

many other ultrafast photoinduced dynamic events.46-56 Though T-UEM is extremely versatile in 16 

many aspects, it is not adequate for mapping the charge carrier dynamics of a material that mostly 17 

occurs near the surface and interfaces at a surface-selective manner because of its intrinsic 18 

characteristics of a high acceleration voltage (AV) that passes through the specimen and the 19 

transmission detection configuration.  Therefore, the first generation of scanning ultrafast electron 20 

microscopy (S-UEM) was built and developed in 2010 by Zewail and co-workers.57, 58 Five years 21 

later, Mohammed and co-workers established the second generation of S-UEM in KAUST with 22 

better spatial and temporal resolutions.5, 59-61 Since then, S-UEM has demonstrated its superior 23 
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capability for direct visualization of ultrafast dynamic events that occur near material surfaces and 1 

interfaces. With an adjustable AV in the range of 1-30 kV, the escape depth of secondary electrons 2 

(SEs) can be precisely controlled from sub-nm to several nm,36, 62 providing abundant dynamical 3 

information from the very top surface of the photoactive material. These are the unique capabilities 4 

of  S-UEM that make it a very powerful surface technique as  compared to the conventional  optical 5 

pump-optical probe techniques, including TAS and TAM.5 Apart from these, S-UEM has other 6 

advantages, including an easier sample preparation, thick or bulk specimen imaging, significant 7 

reduction of the radiation damage caused by laser, and a broader application scope of materials, 8 

which goes beyond T-UEM. There are also a few disadvantages for S-UEM, for example, a high 9 

vacuum level is generally required to avoid surface contamination, and the surface of the specimen 10 

should also be very clean due to the working principle of surface charge carrier dynamics using S-11 

UEM.  12 

There are a few reviews on the instrumentation, working principles, and applications of S-UEM 13 

and T-UEM, which were recently provided by Mohammed,63, 64 Kwon,65 Liao,66 Flannigan,67 and 14 

Ischenko68 et al. In this feature article, we will present the latest developments in the experimental 15 

setup and data interpretation, and provide a comprehensive summary of crucial and emerging 16 

applications and further future development of S-UEM. 17 

  18 
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2. Instrumentation, working principles and data interpretation 1 

In conventional electron imaging techniques, a continuous beam of thermoelectrons is 2 

employed as an imaging source to either scan the surface of a specimen (scanning electron 3 

microscopy, SEM) or to transmit through a thin specimen (transmission electron microscopy, 4 

TEM)  to form an image. With a well-designed electron microscope, an excellent spatial resolution 5 

down to ~ 1 nm and atomic scales can be obtained by SEM and TEM, respectively, providing 6 

abundant morphological and structural information for a variety of materials, chemicals and 7 

biological systems.69-71 Unfortunately, due to the continuous characteristic of the electron beam, 8 

these techniques have very limited temporal resolution and thus lack the capability of imaging 9 

ultrafast phenomena in real time and real space simultaneously, which is highly demanded in 10 

modern ultrafast sciences. By using a computer-controlled beam chopper or similar electronic 11 

components, the continuous electron beam was separated into pulsed electron packets in 12 

stroboscopic electron microscopes, which were invented in the 1960s to enable the temporal 13 

resolution of electron microscopes.72 However, since each electron packet still contains a large 14 

number of electrons and due to the space-charge effect (Coulomb repulsion among electrons within 15 

the packet), the temporal resolution of this type of stroboscopic electron microscope is limited to 16 

sub-ns.73 This shortcomings was addressed successfully by introducing a laser source to generate 17 

ultrashort pulses of electrons (down to a single electron per pulse) through the photoelectric effect 18 

and replacing the thermally activated continuous electron beam in the conventional SEM. The 19 

invention of S-UEM has successfully addressed these shortcomings, in which ultrashort pulses of 20 

electrons (down to a single electron per packet) are generated by lasers through the photoelectric 21 

effect to replace the thermally activated continuous electron beam used in conventional SEM and 22 

TEM. In the experimental setup of S-UEM, a fs fiber laser (Clark-MXR, United States) with a 23 
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fundamental wavelength of 1030 nm and a width of ~ 250 fs is split into two identical beams and 1 

coupled with an SEM (FEI Quanta 650 FEG) or a UEM (FEI, TWIN Tecnai) after harmonic 2 

generation processes (normally doubled, tripled or quadrupled in frequency). One optical beam is 3 

then guided and focused on the sample surface to initiate dynamic events, and the other optical 4 

beam is focused on the tip of lanthanum hexaboride (LaB6, T-UEM, Fig. 1a) or a field emission 5 

gun (Fig. 1b) to generate ultrashort packets of photoelectrons. Note that the temperature of the  6 

field emission gun of conventional SEM is about 1800 K, and contains enough energy for the gun 7 

tip to emit electrons thermally for imaging, while in S-UEM, we significantly reduce the tip 8 

temperature by reducing the filament current before laser illumination to generate pulsed electrons 9 

for ultrafast imaging.59 In S-UEM, an optical delay line controlled by a computer is used to provide 10 

delay times in the range of -1 ns to ~ + 6 ns.  It should be noted that a negative time means that the 11 

electron-probe pulse arrives at the sample surface prior to the optical excitation pulse, while a 12 

positive time delay means that the optical pulse arrives before the electron pulse, and the time 13 

window can be further prolonged into the ns range with the combination of electronic delay devices 14 

and ns lasers.59 Under the interactions between the electron beam and photoexcited carriers 15 

(positive regime), or between matter bombarded by the electron beam and incoming photons 16 

(negative regime), electrons from materials are partially excited. Among these excited electrons, 17 

some electrons originating near the uppermost surface of the material (several nm in depth) carry 18 

sufficient kinetic energy inherited from inelastic scattering with primary electrons (PEs) and are 19 

capable of escaping into the vacuum as SEs, which are eventually captured by SEs detectors 20 

(Everhart-Thornley detector) for imaging. The current of these pulsed photoelectrons is in the 10s 21 

of picoamperes (pA) range59 or even down to almost a single electron per packet,40 suggesting that  22 

the pulse-broaden effect due to the spatial repulsion of electrons is minimized compared to the 23 
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ones generated by beam blanker in other time-resolved SEM.74 To enhance the signal-to-noise 1 

ratio, the time-resolved images were recorded as an integration of multiple (usually 64 or 128) 2 

frames with a dwell time of 300 ns at each pixel. 3 

A difference image approach has been applied in S-UEM. More specifically, we first take a 4 

reference image at a very negative time (when the PEs beam arrives much earlier than the optical 5 

pump beam), then, we take images at different time delays and subtract the reference image to 6 

obtain the time-resolved SEs difference images. By this way, the difference between the irradiated 7 

and unirradiated areas by optical pulse can be clearly seen, and the charge carrier dynamics can be 8 

extracted from even a single pixel. For instance, SEs difference images that reflect the 9 

photoinduced charge carrier generation process on a clean surface of a single crystal Si (100) 10 

sample are shown in Fig. 1b).62  11 

 12 

Fig. 1 Schematic illustration of the UEM apparatus in (a) transmission mode (T-UEM), mapping the phase 13 

transition from the amorphous (blue) to crystalline (yellow) form in the laser-irradiated region and expansion to other 14 
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regions of an amorphous GeTe sample,75 and in (b) scanning mode (S-UEM), tracking the surface charge carrier 1 

dynamics of Si single crystals,62 in which the photoexcitation sequential processes include charge carrier generation, 2 

as evident directly from the bright contrast of illuminated regions (the dashed ellipse). Note that to keep the schematic 3 

illustration concise, the schematic drawing does not present the fundamental IR fs laser, the source for the generation 4 

of the probe and pump pulses. The time-resolved images in (a) and (b) are reproduced with permission. (Time-resolved 5 

SEs images of Fig. 1a is reproduced from Ref.75 Copyright 2013 AIP Publishing LLC. Snapshots of Fig. 1b is adapted 6 

from Ref.62 Copyright 2020 American Chemical Society.) 7 

In addition to the bright contrast illustrated in Fig. 1b, dark contrasts76 or dark-bright coexisting 8 

contrasts77-79 were also observed in diverse photoactive materials. The mechanism of bright 9 

contrast is straightforward; electrons are promoted from the valence band (VB) to conduction 10 

bands (CB) via optical excitation pulses. As a result, these excited electrons with a higher kinetic 11 

energy compared to unexcited electrons will have a higher probability of SEs emission, resulting 12 

in a bright contrast in the difference images (the so-called “energy-gain” mechanism).76 In contrast, 13 

there are a few proposed mechanisms for dark contrast formation (the so-called “energy-loss” 14 

mechanism). For instance, in p-n junction semiconductors, after photoexcitation the 15 

photogenerated electron-hole pairs will separate and transport toward the junction. The generated 16 

holes will then give rise to a lower yield of SEs compared to the unexcited area (shown as a dark 17 

contrast in the S-UEM snapshots).78 For other semiconductors, the understanding of dark contrast 18 

has developed into several stages. The first possible mechanism is the energy loss, which was 19 

attributed to the diverse scattering events of photon-carrier and carrier-carrier interactions, as 20 

observed in GaAs single crystals76 and InGaN nanowires.5 In other words, scattering processes 21 

with photogenerated electron-hole pairs are most likely responsible for the dark contrast or energy 22 

loss mechanism. As the effective cross-section for the scattering of SEs with conduction electrons 23 

is much higher than that with valence electrons,76 a decrease in the SEs emission is observed, 24 
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resulting in a dark contrast.5, 60 Recently, our research group found out that with the removal of 1 

ultrathin surface oxides, a contrast change from dark to bright was clearly observed in several 2 

semiconductor material surfaces, including Si, CdTe, CdZnTe and GaAs.62 In that work, the results 3 

of density function theory (DFT) calculations revealed that the work function will increase by 4 

approximately 0.2 eV in the oxygen-passivated Si (100) single crystals (Fig. 2), leading to a 5 

stronger resistance for the escape of SEs from the sample surface and thus a lower yield of SEs is 6 

generated as compared to the unilluminated areas, which eventually causes dark contrast formation 7 

in oxygen-passivated Si single crystals. Revealing that the surface defects, such as oxygen 8 

vacancies in the band gap aroused by the surface oxide formation, should contribute to the dark 9 

contrasts observed in these materials.62 Although the DFT calculations suggest that the oxide layer 10 

leads to the defect formation and work function changes, the band bending and nature of the 11 

surface with and without oxide layer could also contribute to the image-contrast change. To 12 

conclude, we still believe that more efforts should be made to fully uncover the mechanism(s) that 13 

result in dark contrast, and theoretical simulations, such as ab initio and Monte Carlo simulations, 14 

could be promising tools in this regard. 15 
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 1 

Fig. 2 The optimized structures of Si single crystals and the vacuum levels, Fermi levels, and work functions of (a) 2 

non-passivated Si, (b) H-passivated Si, and (c) O-passivated Si (100)-c(4×2) slabs; and (d) the calculated total energies 3 

and work functions of O-passivated Si(100)-c(4×2) slabs by tuning the horizontal distance (d) between the top layer 4 

of Si atoms and the counterpart of attached surface oxygen atoms from the original position (x = 0). The total energies 5 

of the slabs were calculated at the GGA/PBE level, and the work functions were calculated at the HSE level based on 6 

the electronic wavefunctions at the GGA/PBE level. The changes in the work function in non-passivated, H-passivated 7 

and O-passivated Si (100) single crystals will not cause any contrast changes because they are the same in the 8 

photoilluminated region and unilluminated regions; however, the photoinduced compression and stretching in the 9 

horizontal direction of the Si-O layer will not be counteracted at illuminated/unilluminated areas in the difference 10 

image mode used in S-UEM. Modified from Ref.62 with permission. Copyright 2020 American Chemistry Society. 11 

3. Emerging applications 12 

It is well known that many factors, such as the environmental atmosphere, surface morphology, 13 

absorber-layer thickness, surface passivation/coating, crystal orientations, doping types, and 14 
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doping levels of photoactive materials will affect the charge carrier dynamics and the overall PCE 1 

of corresponding optoelectronic devices. S-UEM, with its unique surface sensitivity, can provide 2 

valuable and controllable information from all of these aspects, which will be discussed in several 3 

selected applications in the following section. 4 

The different operation modes in S-UEM for visualizing the surface and interface dynamics of 5 

specimens under different conditions are presented in Fig. 3. Some experiments can be conducted 6 

under extreme environments, such as in humid and acidic/basic environments and in the presence 7 

of organic solvents. Since evaluating the impacts of the environmental medium on the surface 8 

dynamic processes of specimens is crucial, S-UEM in the environmental mode (Fig. 3a) can 9 

simulate the effects of these factors by introducing certain amounts of gaseous solvents into the 10 

SEM sample chamber (we will discuss a case of this scenario in detail later).62 S-UEM in high 11 

vacuum mode (Fig. 3b) can be facilely employed to study the intrinsic properties of the specimen. 12 

Moreover, there are many electron-beam-sensitive photoactive materials, such as nanocrystals and 13 

perovskite solar cells, have important and promising applications. Characterizing electron-beam-14 

sensitive materials using electron imaging techniques is a challenging task.80 To overcome this 15 

obstacle, S-UEM at a low AV (1 kV) has been recently developed by our research group. We will 16 

discuss its superior surface selectivity and promising capability in characterizing electron-beam-17 

sensitive materials in a later section. Also, the combination of S-UEM in high- and low-voltage 18 

modes (Fig. 3c) to comprehend the layer/thickness-dependent photophysics of materials is also an 19 

interesting direction that will be discussed. 20 
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 1 

Fig. 3 Schematic of (a) environmental S-UEM that shows the ambient environment at the surface and the interfaces 2 

of specimens (GSED: gaseous secondary electron detector), (b) S-UEM in a high vacuum mode that visualizes the 3 

surface dynamics of specimens, and (c) S-UEM in high and low acceleration voltage (AV) modes, which are capable 4 

of mapping the surface carrier dynamics of specimens at different SEs escape depths. (a) was reprinted with permission 5 

from Ref.81 Copyright 2013 Wiley-VCH Verlag GmbH & Co., KGaA., and (c) was reprinted with permission from 6 

Ref.82 (Structural Dynamics 7, 021001 (2020), copyright 2020 Author(s). All article content, except where otherwise 7 

noted, is licensed under a Creative Commons Attribution (CC BY) license.) 8 
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3.1 Mapping ultrafast surface phenomena simultaneously in real space and real time at a 1 

high AV (30 kV) & high vacuum 2 

The most significant application of S-UEM is the visualization of the charge carrier dynamics of 3 

photoactive material surfaces in real space and real time simultaneously. In the following section 4 

we will discuss such applications in a variety of semiconductor systems. 5 

3.1.1 Amorphous, single crystals and p-n junction of Si 6 

 Si single crystals with different doping types (p-type, n-type and p-n junction), different dopant 7 

concentrations (heavily or lightly doped) and different morphologies (single crystals or amorphous 8 

Si (a-Si:H)) have been systematically visualized  to build a solid experimental and theoretical basis 9 

of S-UEM. 10 

In the case of uniform n- and p-type Si single crystals and Si p-n junctions, significant 11 

differences in the SEs images are observed (Fig. 4).78 For both lightly doped n-type Si and heavily 12 

doped p-type Si, a clear bright contrast was recorded. However, the region of contrast in n-type Si 13 

is generally limited to the size of the laser spot illuminating the sample surface (~ 40 μm in 14 

diameter), whereas the maximum size of the bright region in p-type Si is much larger. This 15 

phenomenon is attributed to the expanded absorption cross section of heavily doped p-type Si.83 16 

On the other hand, the charge carrier dynamics of the Si p-n junction are obviously different from 17 

those of its p- and n-type counterparts. Both the photogenerated electrons and holes are transported 18 

toward the junction interface and give rise to excess electron/hole densities in the n- and p-type Si, 19 

respectively. This rapid cross junction transportation arrives to its maximum at approximately +80 20 

ps after photoexcitation. Later, excess electrons/holes on both sides recombine gradually. It is 21 

worth noting that the transport distance expanded to more than 80 μm during the first 80 ps, which 22 

is much larger than the depletion layer of Si (varying from dozens to hundreds of nm84 to a few 23 
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μm, largely depending on the doping concentrations85) and violates the well-accepted drift-1 

diffusion theory.86 Alternatively, the authors proposed a model based on ballistic-type motion, 2 

where the calculated localization of charge density around the p-n junction (Fig. 4d-g) was in good 3 

accordance with the experimental data. 4 

 5 

Fig. 4 Carrier dynamics of Si under different conditions before and after photoexcitation with a 515 nm fs laser. Si 6 

single crystal of (a) n-type (slightly doped with phosphorus (P) and doping level of 1.4 × 1014 cm-3), (b) p-type (with 7 

a boron (B)-doped level of 9.4 × 1018 cm-3), and (c) with a p-n junction. (d) Theoretical simulation of the distribution 8 

of the net charge at + 20 ps and (e) theoretical simulation of the electric potential at + 20 ps, which originated from 9 

the separation of electrons and holes. (f) Experimental data of the distribution of the net charge at + 20 ps and (g) 10 

experimental data of the electric potential at + 20 ps, which originated from the separation of electrons and holes. 11 

(Reprinted with permission from Ref.63  Copyright 2017 American Chemical Society and from Ref.78 Copyright 2015 12 

American Association for the Advancement of Science.) 13 

The carrier dynamics of heavily doped n-type and p-type Si single crystals87 and amorphous Si77 14 

(Fig. 5) are also unique and different from one another and from those of the p-n junction discussed 15 

in Fig. 4.The contrast of n-type Si transforms from the bright contrast of lightly doped Si78 (Fig. 16 

4a) into a dark contrast for heavily doped Si87 (Fig. 5a). Note that the dark contrast was attributed 17 

to the dynamics of photogenerated holes;78 however, the heavily doped p-type Si (Fig. 5b) shows 18 
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a bright contrast, similar to its counterpart in Fig. 4b. Furthermore, the ultrafast superdiffusion in 1 

the initial 200 ps (Fig. 5a-b) was attributed to the fast diffusion of the hot photogenerated charge 2 

carrier.87 For amorphous materials, such as hydrogenated Si (a-Si:H), unexpected ultrafast (40 ps) 3 

formation and diffusion of hot carriers followed by efficient electron-hole separation and trapping 4 

of both electrons and holes were directly imaged (Fig. 5c). This phenomenon was ascribed to a 5 

transient high temperature triggered by laser illumination, suggesting that S-UEM is capable of 6 

imaging rapid hot carrier diffusion processes in various amorphous materials.77 7 

The real-space visualization of Si clearly demonstrates that surface charge carrier dynamics are 8 

extremely sensitive not only to doping types/levels and crystalline/amorphous, but also to the 9 

pump fluence of the laser. For instance, a high excitation fluence (3.0 mJ/cm2) facilitated the 10 

separation of photogenerated holes and electrons and introduced a stronger electric field, which 11 

further led to the oscillation and much slower transportation of hot carriers,88 which was sharply 12 

different from the superdiffusion phenomenon observed at a lower fluence (0.02 to 1.28 13 

mJ/cm2).77, 87 There are many other fundamental aspects of Si that deserve further investigation 14 

using S-UEM. For example, the mechanism underlying the contrast change (from bright contrast 15 

shown in Fig. 4a to dark contrast in Fig. 5a for the same n-type Si with various phosphorus (P) 16 

doping levels) and the doping concentration threshold at which the change in contrast occurs 17 

remain unclear. 18 
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 1 

Fig. 5 Time-resolved SEs snapshots of (a) heavily doped n-type Si (with a P-doped concentration of 1.2×1019 cm-3) 2 

and (b) heavily doped p-type Si (with a B-doped concentration of 2.1×1019 cm-3), reprinted with permission from 3 

Ref.87 (Copyright 2017 nature publishing Group.) (c) SEs difference images visualizing the carrier dynamics of 4 

hydrated amorphous Si (a-Si:H) upon photoexcitation. (Reprinted with permission from Ref.77) (d) Kinetic parameters 5 

of the two evolution processes extracted from a series of SEs snapshots, including but not limited to the images 6 

displayed in (c). Copyright 2017 Nature Publishing Group. 7 

   As discussed in Figs. 4 and 5, being a single crystalline or amorphous form can dramatically 8 

influence the charge carrier dynamics of Si. It is worth mentioning that our group found that89 9 

surface native oxides have significant impacts on the recombination of charge carriers on Si 10 

samples. As shown in Fig. 6a, most of the photoexcited charge carriers recombined within 3 ns on 11 

the Si single crystal with native oxide layers (top row). In contrast, most photoexcited charge 12 

carriers survived much longer after 3 ns in the same type of Si sample, but were freshly etched by 13 

hydrofluoric acid (HF), which removed the native oxide layers (bottom row). These results directly 14 

proved the crucial impacts of native oxides on the charge carrier recombination dynamics. Because 15 
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the native oxide layer will be reformed on a clean Si surface when it is exposed to oxygen and 1 

moisture, even for a short period of time, Kelvin probe force microscopy (KPFM) was conducted 2 

to study the surface potential of freshly etched Si (Fig. 6b-c).  It showed a large difference in the 3 

surface potential between areas with and without laser illumination that was measured immediately 4 

after HF etching; however, after exposure to air for 40 min, there was no difference between the 5 

laser-on and laser-off conditions (Fig. 6b and 6d), suggesting that the fast regrowth of native 6 

oxides completely hindered the photoexcited surface potential on the Si surface. This experiment 7 

offered an independent piece of evidence unraveling the impacts of surface native oxides on charge 8 

carrier dynamics and is in accordance with the theoretical simulation results shown in Fig. 2. 9 

 10 

Fig. 6 (a) Time-resolved SEs images before (top) and after (bottom) HF etching of Si (100). By comparing the dashed 11 

ellipse areas in the two samples, the bright contrast quickly fades away on the original sample while lasting longer on 12 

the other sample. Experiments were conducted at 30 kV. (b) The surface potential profile of Si was measured 13 
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immediately after etching (red) and exposed to air for 40 min after etching (black). KPFM images for HF-etched Si 1 

under illumination of the laser (top part) and in the dark (bottom part) were taken (c) immediately after HF etching 2 

and (d) after 40 min of air exposure.89 Reprinted with permission from Ref.89 Copyright 2019 American Chemistry 3 

Society.
 4 

  3.1.2 GaAs single crystals 5 

The study of charge carrier dynamics at the surface of GaAs single crystals (Fig. 7)76 showed 6 

that the dark contrast is the only phenomenon observed at both negative time delays and positive 7 

time delays (as noted before, positive delay times, means optical pump beam arrives prior to PEs 8 

beam, and negative delay times means PEs beam arrives before the optical pump beam). The 9 

reason for this phenomenon is as follows: both PEs pulses and optical excitation pulses can 10 

increase the average energy of SEs via collisions (this will promote the SEs yield in the 11 

photoexcited area compared to the unexcited area, “energy gain” mechanism). However, both the 12 

electron and optical pulses can also scatter the SEs via collisions and restrain the SEs from reaching 13 

the sample surface and escaping into the vacuum (this will suppress the SEs yield in the 14 

photoexcited area, “energy loss” mechanism). The dark contrast indicates that the scattering 15 

process plays the dominant role and completely counteracts the energy gain effect benefiting from 16 

the collision of SEs and electron/optical pulses. Note that the effective cross-section for the 17 

scattering of SEs with conduction electrons is much higher than that with valence electrons, 18 

leading to a decrease in the SEs emission and subsequently a dark contrast formation.  19 
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 1 

Fig. 7 (a)-(c) SEs difference images taken from GaAs (110) with noted doping types. The concentrations of the carrier 2 

in n-type, p-type and undoped GaAs (110) are (7.1-7.4) × 1017 cm-3(5.3-5.6) ×1017 cm-3, and 1.8×106 cm-3, respectively. 3 

(d) Kinetic traces extracted from areas with the highest intensity in the laser-irradiated region displayed in (b) undoped 4 

GaAs (110) (left) and (a) n-type GaAs (110) (right).76 The data were normalized to their minimum. (d) Left inset: 5 

evaluation of the enhanced intensity at time zero of GaAs (110) for various doping types. Reprinted with permission 6 

from Ref.76 Copyright 2014 National Academy of Sciences. 7 

It is worth noting that in our recently published work,62 similar to Si, surface native oxides also 8 

play a significant role in the carrier dynamics of GaAs (110) single crystals because after the 9 

removal of surface native oxides, the contrast changes from dark to bright at positive time delays  10 
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(Fig. 8). The XPS spectra proved the removal of native oxides, and the SEM images, before and 1 

after argon etching of the GaAs single crystal showed there were no observable changes in the 2 

surface morphology.62 These results unambiguously proved that the origin of the contrast 3 

transformation was surface defects due to native oxides formation. 4 

 5 

Fig. 8 Time-resolved SEs images of the as-received GaAs (110) single crystals before (a) and after (b) the removal of 6 

the oxide layers with different time delays. The images were taken at a low voltage (1 kV) using a pump laser of 515 7 

nm. Experiments were done at 1 kV. The change in contrast (from dark to bright) revealed the carrier trapping role 8 

of the native oxides. (c) 3d XPS spectra of arsenic (As) for the as-received GaAs (110) and GaAs (110) single crystals 9 

freshly etched by argon. Reproduced with permission from Ref.62 Copyright 2020 American Chemistry Society. 10 

3.1.2 CdTe single crystals 11 

Another crucial factor that determines the performance of a crystalline material is the surface 12 

orientation of the crystals.90-92 Recently, the tremendous impact of the surface orientation and 13 

termination of CdTe single crystals on their photoexcited carrier dynamics and the carrier diffusion 14 

lengths were directly visualized in real space and time.93 The time-resolved SEs images 15 
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demonstrated that charge carriers can diffuse nearly 80 μm within 6 ns (Fig. 9) on the CdTe (110) 1 

surface orientation due to the absence of the trap centers; however, the photogenerated carriers are 2 

completely trapped on the CdTe (211) surface orientation due to the existence of defect states 3 

owing to the formation of the oxide layers on that facet. These findings revealed via S-UEM proved 4 

the significant impacts of orientation and surface polarity on the carrier diffusion characteristics 5 

of photovoltaic materials and further opened new avenues for improving the performance of 6 

photovoltaic solar cells (PSC) based on CdTe, a leading commercial semiconductor material, 7 

through careful facet management.93 8 

 9 

Fig. 9 S-UEM results of CdTe single crystals at an orientation of (110). (a) False-color illustration of SEs snapshots 10 

at the indicated time delays and the difference images obtained by subtracting the image taken at time zero (0 ps) from 11 

the image taken at 5.70 ns. (Dimension units of x-y: µm). The dashed arrow marked in the difference image indicates 12 

the direction of the charge carrier diffusion that originates from the center of the illuminated spot and points toward 13 

the maximum diffused region. (b) Kinetics extracted from the center of the pumped area and from the maximum 14 

diffused region on CdTe (110) and their fitted lines. (c) Spatial distribution extracted at an x axis value of 36 µm from 15 
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CdTe (110), with the coordinates shown in the red region of the difference image in (a).93 Reprinted with permission 1 

from Ref. 93 Copyright 2019 cell press. 2 

3.1.4 CdSe semiconductor 3 

    The surface morphology (crystalline or thin films) and the thickness of the absorber layers in 4 

various optoelectronic applications is of great concern and interest. Taking CdSe as a model system 5 

to address this concern, S-UEM provides direct evidence of faster charge carrier recombination in 6 

powder film compared to the single crystal form (Fig. 10a), which could be attributed to the 7 

presence of much higher concentrations of surface trapping states including nanostructure features 8 

(acts as quenching centers) in the thin film sample. We also observed different contrasts and 9 

different carrier dynamics from CdSe powder films with different thicknesses (Fig. 10b-c). For 10 

thinner CdSe films (such as 100 nm and 250 nm), a bright contrast is observed in both negative 11 

and positive time delays, indicating that the energy gain mechanism plays the dominant role. 12 

However, for thicker films (such as 750 nm and 1 μm), a dark contrast in negative time delays and 13 

a bright contrast in positive time delays are detected. The increase in the thickness prolonged the 14 

scattering process between PEs-excited SEs and the following optical pulses at negative times, and 15 

made the energy loss mechanism prominent. These findings shed light on how to explore the 16 

optimum thickness of the absorber layer in optoelectronic and photovoltaic materials in order to 17 

maximize the performance.94 18 
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 1 

Fig. 10 (a) Time-resolved SEs snapshots of CdSe single crystal and powder films. The inset kinetics of (a) were 2 

extracted from the center of the laser-irradiated area of the specimens, reprinted with permission from Ref.61 Copyright 3 

2016 ACS. (b) Schematic illustration and real SEs difference images of CdSe powder films with thicknesses of 100 4 

nm and 1 μm. (c) Dynamics and fitted parameters of the lifetime extracted from a train of SEs snapshots, including 5 

the pictures displayed in (b). (b) - (c) were modified with permission from Ref.94. Copyright 2017 ACS. 6 

3.1.5 Indium gallium nitride nanowires (InGaN NWs) 7 

The specimens investigated using the S-UEM discussed above are bulk materials with simple 8 

structures, morphologies and compositions, whereas the devices used in practical applications may 9 

have much more complex structures and architecture. In this regard, we chose indium gallium 10 

nitride nanowires (InGaN NWs) as a model system for nanoscale photoactive semiconductor 11 

materials (Fig. 11a-b). The observed dark contrast can be ascribed to the energy loss mechanism 12 

that originated from the scattering processes.5, 60 The evaluation of synthetic strategies, such as the 13 

influence of surface passivation and doping conditions on the charge carrier dynamics can also be 14 

conveniently visualized via S-UEM. We passivated the InGaN nanowires using 1-octadecanethiol 15 
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(ODT), a popular surface assembly reagent that has been reported to eliminate defects and suppress 1 

the dangling bonds at the surface of InGaN nanowires that lead to a significant enhancement of 2 

the PCE of InGaN-based light-emitting devices.95 Being in this regime, slower charge carrier 3 

recombination rates (Fig. 11c-d) were unambiguously demonstrated for ODT-passivated InGaN 4 

nanowires. Therefore, the enhanced PCE can be reasonably attributed to the lower density of the 5 

surface states after treatment, which suppresses nonradiative recombination channels.96 Moreover, 6 

S-UEM is also capable of exploring how Si doping affects the photophysics of InGaN/GaN 7 

nanowires (Fig. 11e-f).97 Interestingly, it was demonstrated that with Si doping, the specimen 8 

exhibits a faster charge carrier recombination in a longer time regime and a slower charge 9 

separation at a shorter time scale, compared to the undoped specimen. It was concluded that Si 10 

doping introduces localized trapping states in the bandgap of InGaN. The trapping states 11 

suppressed the release of the photoexcited electrons and delayed the generation and growth of the 12 

SEs signal. Additionally, doping at higher temperatures results in higher doping concentrations 13 

and delays the growth to a larger degree for the first 200 ps (Fig. 11f). Meanwhile, a higher 14 

concentration of trapping states can also quicken the subsequent electron-hole recombination after 15 

the initial photoexcited charge carrier separation,  revealing the reason why the decay rates for  16 

doped sample with Si at 1200 °C is larger than both doped sample at 1150 °C and undoped sample 17 

in the longer time regime (Fig. 11e). Moreover, these results were corroborated by numerical 18 

simulations and conductivity studies with/without light illumination and deepened the 19 

understanding of how Si doping affects the charge carrier dynamics and performance of 20 

InGaN/GaN nanowire-based optoelectronic devices.97  21 
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 1 

Fig. 11 (a) Time-resolved SEs snapshots of InGaN nanowires at various time delays. (b) Dynamics of the evolution 2 

of the SEs intensity extracted from the middle and edge of the laser-irradiated regions in the snapshots of (a). 3 

(Reprinted with permission from Ref.5 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA). Dynamical 4 

information extracted from SEs snapshots of InGaN nanowires for conditions of (c) as-grown/passivated by ODT and 5 

(e) doped/undoped with Si at different temperatures in the range of -0.6 - 6 ns. (d) EQE of as-grown and ODT-6 

passivated InGaN nanowires, and (f) a zoomed-in view of the first 200 ps of the data displayed in (c). (c) and (d) were 7 
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reproduced with permission from Ref.96 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with 1 

permission. (e) and (f) were reprinted with permission from Ref. 97 Copyright 2018 American Chemistry Society. 2 

3.1.6 Indium Gallium Selenide nanocrystals (CIGSe NCs) 3 

Similar to the InGaN nanowires discussed above, the surface trapping states can act as 4 

recombination centers for the photoexcited charge carriers that affect their performance in 5 

optoelectronic devices, and efficient surface passivation techniques need to be facilely designed to 6 

minimize these types of trapping states. S-UEM is also powerful in accurately mapping the surface 7 

trapping states due to its superior surface selectivity. Taking the CIGSe NCs photodetector as an 8 

example, the surface passivation of the CIGSe NCs by zinc sulfide (ZnS)60 was directly visualized 9 

via S-UEM (Fig. 12). After ZnS passivation, a slower charge carrier recombination was achieved 10 

(Fig. 12a), and the photoresponsivity was enhanced three times as compared to the unshelled 11 

CIGSe-based devices (Fig. 12b). It should be noted that the high-resolution TEM (HRTEM) 12 

images verified that the size and the shape of CIGSe NCs before and after ZnS passivation 13 

remained almost the same (Fig. 12c-d), indicating that observed changes in carrier recombination 14 

before and after surface treatment is mainly related to the difference in the surface traps of the two 15 

samples. 16 
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 1 

Fig. 12 (a) Schematic illustration of mapping carrier dynamics using S-UEM on the surface and the interfaces of the 2 

CIGSe and CIGSe-ZnS samples. (b) Time-current curve of CIGSe before and after ZnS shelling upon continuous 3 

photo-illumination. The highlighted green circle in the inset figure of (c) displays the rapid decay of the photocurrent 4 

during the first few seconds after photo-illumination of CIGSe-based devices. HRTEM images of CIGSe NCs before 5 

(c) and (d) after ZnS shelling prove that the shape remains spherical and that the size remains in the range between 6 

5.0-9.0 nm. Reprinted with permission from Ref.60 Copyright 2016 American Chemistry Society. 7 

Apart from mapping the carrier dynamics of semiconductor materials, the use of S-UEM to 8 

investigate the carrier dynamics of insulators was also reported. The carrier dynamics of insulators 9 

were regarded as inaccessible using S-UEM because its optical pump (2.41 eV) cannot excite the 10 

large wide gap of insulators and is incapable of generating charge carriers. However, with a 11 
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meticulous design, Zani et al.98 visualized the carrier dynamics of alumina thin films (α-Al2O3, 1 

bandgap of 8.7 eV)99 using Si as substrate. Although the optical pump (343 nm with an energy of 2 

3.6 eV) employed in their experiment cannot excite alumina, it was proposed that the observed 3 

dynamics belong to the relaxation dynamics after the excitation of the “UV color center”, which 4 

is a specific kind of defect with an energy gap of 3.47 eV in alumina. 5 

 6 

3.1.7 2D materials 7 

Since the birth of graphene as a two-dimensional (2D) material in 2004,100 the applications of 8 

2D materials have increased explosively in diverse aspects.101-103 Therefore, a deep understanding 9 

of the surface carrier dynamics of 2D materials is essential for further improving their performance 10 

in both photocatalytic and energy conversion applications. For instance, carrier dynamics studies 11 

of 2D materials for both a black phosphorus (BP) thin film with a thickness of ~ 80 nm deposited 12 

on the ITO substrate104 and monolayer graphene mounted on a SiO2/Si substrate79 have been 13 

reported. Time-resolved SEs images have demonstrated that the diffusion speed of photoexcited 14 

holes along the armchair direction is 15 times faster than that along the zigzag direction on the BP 15 

sample. However, the charge carrier dynamics of monolayer graphene display impressive fluence-16 

dependent phenomena. As shown in Fig. 13, at low excitation fluence (0-12 μJ/cm2) a common 17 

Gaussian-shaped evolution was observed, while at high fluence (≥74 μJ/cm2) unusual crater-18 

shaped carrier dynamics were observed. It was proposed that the high laser fluence will cause 19 

aggregation of electron-hole pairs near the optically excited region and trigger effective Auger-20 

assisted deactivation channels, leading to fast carrier recombination.79 This information is very 21 

beneficial for correlation of the ultrafast photophysics and performance of functional 2D materials.  22 
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 1 

Fig. 13 SEs difference images indicating the spatiotemporal dynamics of the photocarrier in monolayer graphene fixed 2 

on a SiO2 substrate under various excitation laser fluence in the S-UEM experiments. All other experimental 3 

parameters were kept identical, except for the laser fluence. (a) Impacts of the excitation fluence on the spatial 4 

dynamics. An image of the substrate (SiO2, with a thickness of 300 nm) used for subtraction is shown at the bottom 5 

right of (a). Temporal dynamics under (b) low and (c) high laser fluence. (d) Function of the mean square displacement 6 

vs the time delay extracted from (b) and (e) kinetics extracted from high (60 μJ/cm2) and low (3 μJ/cm2) fluence 7 
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obtained from snapshots displayed in (b) and (c). Reproduced with permission from Ref.79 Copyright 2018, Royal 1 

Society of Chemistry. 2 

3.1.8 Imaging mechanical dynamics of soft photovoltaic systems and metals 3 

In terms of what factors may cause the bright/dark contrast formation in the photoexcited 4 

regions? From the viewpoint of energy disturbance, photocarrier generation normally plays a 5 

dominant role in the surface dynamics because the energy scale of the pump light is approximately 6 

one to several electron volts (eV),78 while other factors, such as the surface potential, strain or 7 

temperature difference, have an energy scale of 10s of millielectron volts (meV), which could be 8 

determined by the deformation potential and thermal energy.66 Here we discuss two examples of 9 

mapping the mechanical dynamics of a material using S-UEM. 10 

A thin film made from a semiconducting polymer, poly (3-hexylthiophene-2, 5-diyl) (P3HT, 11 

molecular structure shown in the bottom right corner of Fig. 14a), was optically excited (515 nm) 12 

at the center, and both the photoexcited and unexcited regions were scanned by PEs (Fig. 14a). A 13 

rectangular region nearly 200 μm from the center was chosen to visualize the generation and 14 

evolution of surface acoustic waves (SAWs) after photoexcitation (Fig. 14b). Two representative 15 

time delays (0.1 ns and 3.4 ns) are presented to show the generation and propagation of SAWs10 16 

(Fig. 14c-d). By mapping these photoresponse behaviors, the surface elastic properties of materials 17 

can be  mapped and evaluated accurately, which is of great importance for thin-film devices and 18 

materials that require a specific stiffness.105 Another important example is the periodic interference 19 

patterns that can be observed on the surface of aluminum after optical excitation57 (Fig. 14e). 20 

Similar periodic patterns were only observed for some metal surfaces, but not all of them. This 21 

astonishing phenomenon was proposed to be related to the plasmonic behaviors and magnonic 22 

characteristics of rough metal surfaces, but the exact mechanism requires further investigation.57  23 
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These cases proved that S-UEM is capable of probing not only the ultrafast charge carrier 1 

dynamics of material surfaces and interfaces, but also the surface mechanical features.  2 

 3 

Fig. 14 (a) Schematic depiction of visualizing the photoinduced mechanical dynamics on a conductive polymer, P3HT, 4 

with its chemical structure displayed in the bottom right corner. The illumination by optical pump pulses led to a 5 

temperature increase in the illuminated region, which further triggered a radiating mechanical response. Raster 6 

scanning PEs act as probes to generate SEs beneath the surface and indicate the response. (b) The SEs difference 7 

image of the P3HT surface recorded 0.2 ns after 2.41 eV laser excitation. The far field (dotted rectangle in the top left 8 

corner) was chosen to be observed more specifically via S-UEM due to its relatively uniform patterns and the poorer 9 

resolution of the near-field region. (c) Mechanical response of the selected region in (b) at 0.1 ns and 3.4 ns. The scale 10 

bar of (c) is marked in the bottom left of (c). (d) Spatial profiles (solid black dots) and fitted lines based on the 11 

sinusoidal decay function (solid red lines). Reproduced with permission from Ref.10 Copyright 2018 Elsevier. (e) 12 

Time-resolved SEs images of aluminum (Al) taken at the indicated time delays using S-UEM at 30 kV. The dotted 13 

ellipse with a size of 40 μm represents the footprint of the optical pump laser. Reproduced with permission from Ref.57 14 

Copyright 2011 American Chemical Society. 15 

3.2 Mapping surface phenomena in real space and time using environmental S-UEM 16 
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Optoelectronic devices sometimes work in complex surroundings with abundant water vapor,106 1 

ammonia, acidic gases or organic solvents. In some extreme cases, the material interface with the 2 

environment is even “wet”.107 S-UEM in high vacuum mode is well suited for exploring the 3 

intrinsic carrier dynamics of materials, but is not suitable for evaluating the effects of ambient 4 

conditions. In this regime, S-UEM in environmental mode (schematic illustrated in Fig. 3a) was 5 

introduced  by Zewail and co-workers  to address this shortcoming.81 Taking an CdSe single crystal 6 

as the prototype (surface structures of the corresponding orientations shown in Fig. 15a), compared 7 

with high vacuum conditions, the ambient conditions, especially a polar solvent environment, will 8 

affect not only the contrasts (Fig. 15b-d) but also the dynamics (Fig. 15e-h) originating from the 9 

interactions of different solvent molecules adsorbed on the interfaces with distinct surface 10 

structures. More specifically, for the CdSe (0001) sample, changing the adsorbate molecules 11 

resulted in varying intensity and diffusion behaviors of SEs in the optically excited area, but the 12 

contrast remained bright (Fig. 15b-d, left panel), while for the CdSe (101̅0) and (112̅0) samples, 13 

with a change in the adsorbate molecules, especially in polar water ambient conditions, the contrast 14 

changed from bright to dark. This probably occurred because under the Cd/Se(1:1)-terminated 15 

surfaces of the (101̅0) and (112̅0) orientations, polar water vapor interacted with the surface and 16 

significantly reduced the surface reconstruction,108-110 which further affected the SEs yield in 17 

photoexcited regions, leading to a dark contrast formation. 18 
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 1 

Fig. 15 (a) Illustration of the surface structures of CdSe single crystals at the noted orientations. The gray spheres are 2 

Se atoms and the yellow spheres are Cd atoms. (b) - (d) Time-resolved SEs snapshots under different ambient 3 

atmospheres for the corresponding specimens (left: CdSe (0001), right: CdSe (101̅0); the main structural difference 4 

of these orientations is that Cd atoms terminated the surface of (0001), while the Cd and Se atoms terminated the 5 

(101̅0) and (112̅0) surfaces at a ratio of 1:1). Each of the selected frames at negative times (i.e., -85.4 ps and -5.34 ps) 6 

in (b)-(d) that have no distinguishable contrast indicates the complete relaxation of the sample surface that was 7 

previously excited by the prior optical excitation event. Black dotted ellipses represent the laser-irradiated regions. (e) 8 

- (h) Solution dynamics extracted from the center of laser-irradiated areas of the corresponding SEs snapshots with 9 

experimental conditions specifically noted in each figure. More specifically, (e) different temporal dynamics of water 10 

vapor for CdSe at the orientations of (0001) and (101̅0), (f) temporal dynamics highlight the first 20 ps, with the 2 ps 11 

period during which CdSe (101̅0) changed in H2O and CH3CN vapors marked, (g) dynamics of CdSe (101̅0) over a 12 

longer time range, and (h) dynamics in the time span of -0.5 to 3 ns for CdSe (112̅0). Reproduced from Ref. 81 13 

Copyright 2013 Wiley-VCH Verlag GmbH & Co. 14 

3.3 Mapping surface phenomena in real space and time at a high vacuum and low AV (1 kV≤ 15 

AV≤ 5 kV) 16 
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All of the aforementioned applications of S-UEM were conducted at a high AV, 30 kV, except 1 

for the GaAs example discussed in Fig. 8. Despite the versatile capability of S-UEM in mapping 2 

material surface dynamics under various conditions, the high kinetic energy (30 keV) of the PEs 3 

may cause permanent damage to specimens and hinder characterization of the real ultrafast charge 4 

carrier dynamics of the material surfaces and interfaces under the subtraction mode we applied. 5 

Furthermore, it is incapable of visualizing the surface dynamics of electron-beam-sensitive 6 

materials, such as perovskite solar cells, which is a common challenge in electron imaging 7 

techniques. For transmission electron microscopy, several studies with very low dose of electrons 8 

have been performed to overcome this obstacle,80, 111, 112 and low voltage SEM has also been 9 

developed to successfully image electron-beam-sensitive materials.113, 114 It should be noted that 10 

SEs escape depth is sensitive to the conductivity and compositions of the specimen and SEs 11 

emission efficiency in some materials peaks at energy higher than 1 keV of the PEs beam.36, 115-118 12 

Inspired by these studies, we developed a low-voltage S-UEM (LVS-UEM), explored its capability 13 

of better surface sensitivity.  14 

The LVS-UEM setup is shown in Fig. 16. In brief, the main difference in the instrumentation 15 

of LVS-UEM compared to S-UEM at high voltages is the introduction of two pairs of mirrors 16 

(orange 1 keV kit, Fig. 16), set in locations where the pump laser goes through to introduce a 17 

prolonged optical path to cancel out the extra time the PEs take due to their far slower traveling 18 

speed at 1 kV than that at 30 kV. In this way, the synchronization of the optical pump and the 19 

electron probe can be easily maintained. Due to the significant difference in the kinetic energy of 20 

PEs at high and low voltages, the energy of SEs generated by the interactions of PEs and materials 21 

will also be different, and at a low AV the SEs with lower kinetic energies can only escape from a 22 

shallower depth near the surface, generally one-fifth of the depth compared to SEs at a high AV 23 
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(30 kV) for the same specimen.119-121 S-UEM at other AVs can be achieved in a similar way, and 1 

a detailed explanation of its working principles and the origin of the shallow escape depth of SEs 2 

can be found in our previous study.82 3 

 4 

Fig. 16 Schematic diagram of the S-UEM instrumentation at AVs of 1 kV and 30 kV. (Reproduced from Ref.82 5 

Copyright 2020 @ Authors) 6 

We further used LVS-UEM to evaluate the impact of ultrathin surface oxide layers on surface 7 

charge carrier dynamics, which universally exist in most photoactive materials. For instance, the 8 

natural surface oxide (SiO2) on Si (100) was reported to be ~1 nm thick and located at the 9 

uppermost surface of as-received Si specimens.122 The enhancement and fading of a dark contrast 10 

were observed for Si (100) surfaces with surface oxides (Fig. 17a); the as-received Si samples 11 

were kept in diluted (5%) HF (hydrofluoric acid) aqueous solution for half a minute, then washed 12 

by deionized water and dried by ultrapure nitrogen to remove the native SiO2 layer and avoid any 13 

significant surface morphology changes, after these surface cleaning operations,  the samples were 14 

directly transferred to sample chamber of S-UEM to conduct the visualization experiments.93 It 15 
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should be stated here that for other common kinds of materials such as GaAs and CdTe, an Argon 1 

etching methodology is adequate to remove the native surface oxides.62 After removal of the 2 

surface oxides, the dark contrasts on oxide-containing surfaces were transformed into clear bright 3 

contrasts on the oxide-free clean surfaces of Si. Moreover, the intensity of the SEs at 3 ns after 4 

optical excitation is much stronger than that of as-received samples that have surface oxide layers, 5 

which proved the relatively slower trapping and recombination rates and longer lifetime of charge 6 

carriers on the clean surface of Si (Fig. 17b). The transformation from a dark contrast to a bright 7 

contrast suggests the crucial role of surface oxides that act as surface trapping states and hinder 8 

the escape of photoexcited electrons. These phenomena occurred in several other important 9 

semiconductor materials, such as GaAs, CdTe and CdZnTe single crystals, in the presence or 10 

absence of ultrathin surface oxides.62 More importantly, these results proved the excellent surface 11 

selectivity (down to sub-nm level) of LVS-UEM. In other words, it can distinguish the impacts of 12 

ultrathin surface oxides (in some cases less than 1 nm123, 124). Being in this regime, the latest 13 

theoretical calculations of the SEs escape depths for such semiconductors as GaAs at low AVs (≤ 14 

5 kV) are approximately 1 nm,118 which matches our experimental results. Compared to the SEM 15 

images obtained at high AVs, those images obtained in low voltage mode can provide additional 16 

and fine surface dynamical information.70  17 

These studies cannot be accessed at 30 kV due to the fast degradation of the perovskite (and 18 

other electron beam-sensitive materials) brought by high-energy electron beam bombardment.125 19 

 20 
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 1 

Fig. 17 SEs snapshots at the noted delay times of (a) the as-received and (b) surface-cleaned Si (100) specimens upon 2 

2.41 eV optical excitation using S-UEM at 1 kV. The dark contrast at the surface containing oxides suggests a weaker 3 

SEs emission in the illuminated regions (white dotted areas), and the bright contrast at the oxide-free surface indicates 4 

a stronger SEs emission in the illuminated regions than that in the unilluminated areas. These contrasting changes 5 

suggest that ultrathin surface oxides play a key role in the photoexcited carrier dynamics and further prove the superior 6 

depth resolution of LVS-UEM. Reproduced with permission from Ref.62 Copyright 2020 American Chemistry 7 

Society. 8 

 9 
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 1 

Fig. 18 Promising future development directions of S-UEM. Inserted abbreviations from left to right, CL: 2 

cathodoluminescence, AE: Auger electrons, BSE: backscattered electrons. Six directions are displayed here, including 3 

controlling (reducing) the size of the excitation spot; adding a temperature control module (with a heater for heating 4 

and liquid nitrogen as a coolant) into the SEM sample chamber to investigate the temperature-dependent surface 5 

dynamics of materials; integrating a TOPAS module into the excitation laser to obtain tunable surface excitation 6 

wavelengths; combining theoretical simulations, such as ab initio and Monte Carlo simulations; and using an fs laser 7 

with shorter pulse widths (10s of fs) to improve the temporal resolution of S-UEM. 8 
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4. Summary and Outlook 1 

The characteristics of a superior surface selectivity, excellent temporal and spatial resolutions, 2 

and easy sample preparation enable S-UEM to serve as a unique methodology for characterizing 3 

selectively the ultrafast charge carrier dynamics at material surfaces and interfaces which cannot 4 

be accessed by most modern and conventional characterization techniques, including transient 5 

absorption spectroscopy, ultrafast thermomodulation microscopy, transient absorption microscopy 6 

and other emerging techniques. The past decade has witnessed rapid developments and fruitful 7 

achievements of S-UEM since its birth in 2010. We summarized its crucial and emerging 8 

applications in the direct spatiotemporal imaging of surface charge carrier dynamics, surface 9 

mechanical dynamics and surface deformation dynamics of various functional materials. These 10 

real-time imaging modalities not only provide a profound understanding of the photophysics of a 11 

material, but also enable intricate optimization of synthetic and surface engineering strategies for 12 

advancing high-performance optoelectronic, photovoltaic and photocatalytic devices. It is worth 13 

pointing out that the influence of compositional defects, impurities and adsorbates species on the 14 

surface dynamics can be directly explored and deciphered using S-UEM.  15 

We would like to provide an outlook on future theoretical and experimental development 16 

directions (Fig. 18). From a theoretical perspective, the balance between scattering processes (both 17 

electron-electron and electron-photon scattering processes) and electron-beam-promoted SEs 18 

emission from the photogenerated carriers in the CB of materials that lead to “energy gain” or 19 

“energy loss” pattern remains unclear. We propose that with the assistance of scattering simulation 20 

approaches (such as ab initio simulations) and mesoscopic carrier transport simulation models 21 

(such as the Monte Carlo approach), a better understanding and interpretation of the contrast 22 

mechanism can be achieved. Noting that there are exciting developments and efforts trying to 23 

describe the time-resolved SEs emission from Monte Carlo simulations.126, 127 Another 24 
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fundamental issue that needs to be investigated is the relationship between the changing (enhanced 1 

or suppressed) SEs yield and the type/concentration of the dopants. In this regard, experimental 2 

exploration will offer some help. Taking n-type Si single crystal as an example, as discussed in 3 

section 3.1.1, S-UEM characterization of the n-type Si specimens transformed from a bright 4 

contrast for a lightly doped sample (with a P-doped level of 1.4×1014 cm-3) into a dark contrast for 5 

a heavily doped sample (with a P-doped concentration of 1.2×1019 cm-3)  but the origin for these 6 

phenomena is not clear yet and a systematic investigation with carefully designed dopant 7 

concentration gradients will be useful for quantifying the contrast change and dopant 8 

concentrations and further offer a solid platform for theoretical simulations. 9 

Apart from these, calibration and rationalization of the escape depth of SEs at various AVs 10 

obtained from theoretical simulations and experiments is also preferred, especially in the low AV 11 

regime, because it is the basis of notarizing the depth resolution of the S-UEM. The computational 12 

studies, mostly Monte Carlo simulations, are sometimes controversial, although they use the same 13 

simulation model and parameters. 14 

From an experimental perspective, several improvements can be made to fully empower the 15 

capability of S-UEM. For instance, a great majority of S-UEM studies use the SEs detection mode, 16 

in this regime, diverse types of detectors, such as Auger electron detectors (AEDs), time-resolved 17 

cathodoluminescence (CL) detectors could be integrated into S-UEM to obtain abundant and 18 

controllable surface dynamic information, which could be complemented to the surface-19 

morphology obtained by SEs time-resolved images. Being in this regime, time-resolved 20 

cathodoluminescence technique with spatiotemporal resolutions of 50 nm and 10 ps, has been 21 

already developed128 and offered broad applications.129, 130  22 
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The current optical excitation wavelength is a fixed wavelength (515 nm/343 nm/257 nm, etc.), 1 

switchable excitation wavelengths (in other words, adding an optical parametric amplifiers (OPA) 2 

module into the pump light section) will be useful for extending the application scope, especially 3 

for visualizing the carrier dynamics of materials with large bandgap. It is also worth mentioning 4 

that the performance of the emission gun in case of S-UEM measurements strongly depends on 5 

the incident energy of the laser pulse. For instance, using shorter wavelength light will prolong the 6 

period of steady photoemission, reducing the need for tip refreshment to avoid the formation of 7 

nature oxides or other tip contaminations that reduce the efficiency of photoemission. 8 

Implementing a temperature control module inside the chamber (for example, using liquid 9 

nitrogen as a coolant and a heating module to heat up the specimen in order to enable measurement 10 

under a temperature range of -196 to 100 ℃) to examine temperature-dependent surface dynamics 11 

is also a very promising direction because many functional materials show temperature-dependent 12 

properties and performances. The combination of environmental S-UEM (to mimic environmental 13 

factors, such as moisture and varying vapor gases) and imitation of other factors, such as applying 14 

an external electric field, magnetic field, optical field or thermal field to the sample to approach in 15 

situ and operando characterization, is of great significance for exploring the relationship of 16 

structure and the performance in photovoltaic, photocatalytic and optoelectronic devices in 17 

practical uses. 18 

Lastly, we would like to introduce our ongoing project of reducing the illumination spot size 19 

on the material surface. The spot size of the pump laser in the current S-UEM is approximately 40 20 

μm. To image both the illuminated and unilluminated regions, the selected area for imaging should 21 

be larger than the size of the pump beam (40 µm), thus it means that the magnification utilized in 22 

S-UEM experiments has to be compromised between 1500× to 3000× folds (for comparison, the 23 
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upper limit of magnification is 1,000,000× in FEI Quanta 650 FEG), so the detailed structural 1 

features of the specimen are not as clearly imaged as one would expect. In addition, this hinders 2 

the accurate evaluation of the charge carrier diffusion/transport lengths on the specimen surface, 3 

because the diffusion lengths of most photoactive materials are in the range of 0 to 10s of μm;131 4 

only in very rare cases the length reaches the order of 100s of μm  and even mm.132 Therefore, the 5 

current spot size is not suitable for precisely tracking the charge carrier dynamics of materials with 6 

short diffusion lengths (0 to a few μm). To address this shortcoming, the size of the pump beam 7 

should be reduced. Thus, we are currently developing a new optical conveyance system for the 8 

pump laser to reduce the beam size by more than an order of magnitude. More specifically, we set 9 

an objective lens inside the SEM specimen chamber to replace the focal lens outside of the sample 10 

chamber (focal length is 175 mm, as shown as L2 in Fig. 16), introduce the optical pump pulses 11 

into the objective lens and focus them on the sample surface with a much smaller size than that of 12 

using the external focal lens (40 μm) in the first generation of S-UEM built in Caltech and the 13 

second generation developed in KAUST. According to the formula of calculating Gaussian laser 14 

beam after the focus of an objective lens or convex lens,133, 134 the final spot size of the 515 nm 15 

pump laser illuminated on the sample surface will ideally be ~ 1 μm. With a shorter excitation 16 

wavelength, the spot size can be even smaller. 17 

2𝑅 = (
4𝜆

𝜋
) ∗ (

𝐹

𝐷
)                           (1) 18 

Where R is the radius of the final laser spot size, λ is the wavelength of the optical laser (0.515 19 

μm), F is the focal length of lens and D is the diameter of the incident laser beam. 20 

We believe that with these improvements S-UEM will be more powerful tool for a better 21 

comprehension of the photophysics of a material and will advance the fabrication of high-22 

performance devices. To conclude, after a fruitful decade of developments, S-UEM will most 23 
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likely become a multifunctional visualization platform for the dynamic properties of materials and 1 

a trustworthy tool in the disciplines of chemistry and materials science.  2 
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