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A better understanding of charge carrier dynamics in graphene is 

key to improvement of its electronic performance. Here, we 

present direct space-time visualization of carrier relaxation and 

diffusion in monolayer graphene using time-resolved scanning 

electron microscopy techniques. We observed striking fluence-

dependent dynamic images, changing from a Gaussian shape to a 

novel crater-shaped pattern with increasing laser fluence. Such 

direct observation of dynamic changes in spatial charge 

distribution is not readily available from the conventional 

spectroscopic approaches which reflect essentially overall 

effective carrier temperature and density. According to our 

analysis, for this crater-shaped carrier density to occur in 

aggregated electron-hole pairs in the high fluence regime there 

exists an unconventional Auger-assisted carrier recombination 

process to provide effective relaxation channels, most likely 

involving emission of optical phonons and plasmons, which is 

dynamically accessible due to a strong temporal overlap among 

them. The presented model allows us to successfully account for 

this unexpected phenomena and to quantitatively analyze the 

observed spatiotemporal behavior. 

Introduction 

The dynamics of charge carriers in a material accounts for a 

variety of physical and chemical properties, ranging from color, 

electrical and thermal conductivity to chemical reactivity. 

Optical pump-probe techniques have been widely used to 

investigate carrier dynamics in materials such as 

semiconductor nanostructures
1
 and high-temperature 

superconductors
2
. However, such techniques usually probe the 

effective carrier temperature only, whereas electron imaging 

techniques enable direct spatial visualization of carrier 

dynamics at atomic scale resolution as well.
3
 Ultrafast scanning 

electron microscopy (U-SEM), utilizing secondary electrons 

(SEs) detection, has been employed to study carrier dynamics 

of semiconductors and metals.
4-8

 The inherent surface-

sensitive nature of SE emission processes,
9,10

 compared with 

the transmission-mode counterpart for bulk materials, makes 

it suitable for exploring such dynamics in materials that are 

intrinsically two-dimensional. 

 Monolayer graphene has a vanishing electronic density of 

states near K-points in reciprocal space and its linear energy-

momentum dispersion represents Dirac fermions.
11

 Within this 

framework, the dynamical behavior of hot carriers in graphene 

has been intensively studied. Photoexcited carriers can relax 

through strong carrier-carrier interactions in tens of 

femtoseconds, followed by slower cooling processes via 

electron-phonon interactions.
12-15

 Other important pathways 

are relevant on this and longer time scales, including Auger 

Fig. 1 Schematic diagram of U-SEM experimental setup used in this work. The 

electron pulse is scanned over the surface that is illuminated with the photon pulse. 

The secondary electrons emitted from the sample surface are collected to construct 

time-resolved images at various time delays between the photon and electron pulses. 

For experiments involving two optical pump pulses (P1 and P2), the time delay 

between them is varied while the electron pulse is maintained at a fixed delay.
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and disorder-mediated phonon scattering processes.
16-19

 

Here, we report the visualization of carrier surface 

dynamics in monolayer graphene. We studied the U-SEM 

images and their dependence on laser fluence. The 

observation of a stark transition from Gaussian-like behavior at 

lower fluences to crater-shaped spatial dynamics (beginning at 

~12 μJ/cm
2
) reveals that the non-equilibrium carrier dynamics 

is dominated by unconventional Auger-assisted processes. By 

introducing two optical pulses and one probing electron pulse, 

the observed images confirm such dominance in the dynamics. 

From our studies, a diffusion coefficient (D ≈ 6000 cm
2
/s) for 

surface carriers was determined and is in good agreement with 

previous results.
20-22

 We presented a theoretical model which 

quantitatively reproduces all the observed results.  

Results and discussion 

A schematic experimental arrangement is illustrated in Fig. 1. 

In the current U-SEM experiments, the second harmonic 

(photon energy of 2.41 eV, corresponding to 515 nm 

wavelength, for all data) pulses of ~400 fs duration at a 

wavelength of 1030 nm from a Ytterbium-doped fiber laser 

system (Impulse by Clark-MXR) are directed to the sample at 

room temperature while either the fourth or the second 

harmonic is used to generate the pulsed photoelectrons from 

the field-emission gun in the SEM geometry.
10,23

 Each optical 

pump pulse is time-delayed with respect to an electron pulse 

by changing the optical path via a linear translation stage. 

Time-resolved imaging is achieved by raster scanning the 

electron pulse over monolayer graphene (grown via chemical 

vapor deposition (CVD) and mounted on a 300-nm-thick 

SiO2/Si substrate) while acquiring the emitted secondary 

electrons as a function of the position of the scanning electron 

pulse at a time delay between the optical pulse and the 

electron pulse. Reliable electrical contacts were made 

between the graphene layer and the sample holder to ensure 

efficient electron discharge from the sample into the electrical 

ground. For experiments involving two optical pump pulses (P1 

and P2 in Fig. 1), we varied the time delay while maintaining 

the electron pulse at a fixed delay from P1 (see Experimental 

section and Fig. S1-S2 in the ESI† for the detailed account of 

the experimental procedures). 

 Figure 2(a) shows the evolution of the U-SEM image 

contrast as a function of laser excitation fluence under 

otherwise identical experimental conditions. The difference 

images were constructed by subtracting the SEM images at a 

far negative time (where no dynamics was observed) from 

images at zero time delay. At low fluences, a bright single lobe 

on the graphene sample was observed. At higher fluences, a 

crater-shaped image appears with a dip in the center which 

becomes more pronounced as the fluence increases. The 

ellipticity seen in the images is due to an oblique incident 

Fig. 2  Spatial and temporal dynamics of carriers in monolayer graphene. (a) U-SEM 

images as a function of laser excitation fluence at a 2.41 eV excitation photon energy. 

The difference images are obtained by subtracting the SEM images acquired at far 

negative time from the images recorded at zero time delay. All experimental 

conditions were kept identical except for the pump fluence indicated. The bottom 

right image is acquired on the SiO2 substrate in the absence of the graphene layer; 

the same thickness of SiO2 (300 nm) was used with and without graphene. The 

quadrupled harmonic (4.80 eV) is employed for electron pulse generation for all the 

dynamic images. (b,c) Temporal evolution of U-SEM image contrast at two 

representative fluences: 3 μJ/cm
2
 (b) and 60 μJ/cm

2
 (c). The second harmonic (2.41 

eV) is used for the electron pulse generation. 

Fig. 3  Spatial, temporal line profiles and evolution of carrier population in monolayer 

graphene. (a) Spatial evolution of line profiles acquired along the long axis of the 

dynamic contrast shapes shown in Fig. 2(a); for clarity, they are displaced vertically. 

(b) Time evolution of line profiles along the long axis at various time delays; the laser 

excitation fluence is 3 μJ/cm
2
. For clarity, the profiles are displaced vertically. Solid 

lines are Gaussian fits to the data. (c) Mean square displacement (second moment) as 

a function of time delay obtained from data of Fig. 2(b). The dotted line denotes an 

empirical fit to the experimental data,† The early-time linear values give the diffusion 

coefficient (see Text). (d) Temporal evolution of the integrated intensities within a full 

field of view of the U-SEM images shown in Fig. 2(b)-(c) for the two representative 

fluences of 3 μJ/cm
2
 and 60 μJ/cm

2
. Solid lines are drawn as guides to the eye.
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angle of ~50°. No dynamics was observed in the SiO2 substrate 

with absence of graphene, as shown in the bottom right image 

of Fig. 2(a), indicating that this phenomenon indeed originates 

from the photoexcited graphene. 

 Further insights can be gained from the temporal evolution 

of images. Figure 2(b)-(c) depicts the U-SEM images acquired 

at various time delays for two representative pump fluences of 

3 and 60 μJ/cm
2
, respectively. At negative time delays, when 

the electron pulse precedes the photon pulse, we did not 

observe significant image contrast changes. Near time zero, a 

single-lobed Gaussian-like behavior was observed at 3 μJ/cm
2
, 

but at the higher fluence of 60 μJ/cm
2
, the crater-like pattern 

appeared which gradually diminished at longer times due to 

diffusion. 

A series of spatial “line profiles” taken along the long axis 

of the elliptical contrast shown in Fig. 2(a) provides a clear 

trend, as depicted in Fig. 3(a). A Gaussian profile is noticeable 

at low-fluence excitation and becomes flattened for 

intermediate-fluence values, with a crater shape emerging at 

higher fluences. A crossover of the contrast change was 

observed to occur at 12-15 μJ/cm
2
. 

 The temporal “line profiles” reveal how the U-SEM images 

evolves with time. Fig. 3(b) shows the temporal evolution of 

the spatial distribution along the long axis of the contrast at 

various time delays and for the excitation fluence of 3 μJ/cm
2
. 

Gaussian fits to the data are shown in red solid lines. In this 

case, the width, also expressed as the square root of the 

second moment, clearly increases with time, providing a 

measure of the diffusion coefficient. Figure 3(c) displays the 

values for the second moment obtained from Fig. 3(b) which 

exhibits a linear time dependence at short times and then 

reaches an asymptotic value at later times. Values of the 

diffusion coefficient are given in the following section. 

Finally, Fig. 3(d) displays the spatially-integrated U-SEM 

image intensities at two fluences (obtained from Fig. 2(b)-(c)) 

as a function of time delays. The total number of carriers 

remains nearly unchanged for the lower fluence (3 μJ/cm
2
) but 

for the higher fluence (60 μJ/cm
2
) there is a definite decay that 

begins after ~150 ps. A rise time of monolayer graphene is not 

limited by the instrumentation response (Fig. S3(a)-(b)†). The 

electrons in graphene excited by ultrafast optical pulses are 

known to thermalize primarily through carrier-carrier 

scattering resulting in a well-defined Fermi-Dirac distribution 

on a timescale of the order of <100 fs.
13-15

 The temporal 

resolution deduced from the instrumentation response of our 

apparatus for this work is ~1.2 ps (Fig. S3(a)†) which is 

insufficient to undoubtedly resolve when the crater-shaped 

spatial distribution starts to develop and further infer possible 

effects associated with carrier thermalization.
24

 We do not 

observe a crossover between single-lobed and crater-shaped 

features during the recovery processes. 

The most striking and unexpected feature of our 

experimental observation is the emergence of crater-shaped 

U-SEM images at relatively high excitation fluences. The crucial 

and pertinent question is what could possibly be the 

mechanism that gives rise to the observed crossover in the U-

SEM images. We have ruled out Rabi oscillations as a possible 

origin: First of all, a second oscillation was not observed when 

the excitation fluence was successively increased. Secondly, in 

experiments involving two pump-pulse excitation with the 

same color (515 nm), the crater-type contrast pattern persists 

even at a longer time delay of 13 ps between the two pump 

pulses (see Fig. S4). This by itself rules out the Rabi 

mechanism, because the carriers dephasing time in monolayer 

graphene is ~85 fs.
25

 Other scenarios, including a saturation 

effect, were also considered but excluded (see Experimental 

section, control experiments, for a detailed discussion).  

Here, we propose a kinetic model to account for all 

observations made. Figure S5 illustrates an e-h pair kinetic 

scheme involving three states.† In the Fig. S5, w denotes an 

optical pumping rate for a single e-h pair excitation. Optical 

excitation of an additional e-h pair, in close proximity but 

spatially uncorrelated to the one e-h pair state, can form a two 

e-h pair state (Fig. S5(b)†). This two e-h pair state can either (i) 

relax to a single e-h pair state through conventional Auger 

recombination and subsequent energy-momentum relaxation 

(denoted as α) or (ii) directly transit into the ground state 

through an Auger-assisted channel, primarily involving 

emission of optical phonons and plasmons (denoted as β). In 

our model local populations of these pair states effectively 

constitute the U-SEM image intensity. 

 One key mechanism in our model responsible for the 

crater-shaped U-SEM images at high fluences is the direct 

relaxation channel from the two pair state to the ground state. 

Based on our model simulations this mechanism leads to the 

observed crater-shaped behavior (Fig. S6(a)†). Conventional 

Auger recombination is a result of Coulomb interactions 

among multiple carriers involving nonradiative annihilation of 

an e-h pair followed by the transfer of the excess energy to 

other carriers.
26

 Such a mechanism is important for small 

bandgap semiconductors,
27

 but this mechanism alone would 

only create a flat-top spatial distribution for the U-SEM image, 

not leading to a central dip in the e-h pair-density distribution. 

This simple kinetic model involving a relaxation pathway from 

the two e-h pair state to the single e-h pair state (i.e., β = 0) is 

able to reproduce the flat-top U-SEM spatial profile attainable 

from a rate equation involving the conventional carrier-

density-dependent Auger recombination. According to our 

systematic simulations, β plays a decisive role in the formation 

and fluence-dependent behavior of such crater-shaped 

features, whereas α plays a minor role (Fig. S6-S7†). 

 Auger-type processes in monolayer graphene has garnered 

substantial attention,
16-18,28

 primarily due to the vanishing 

energy gap and linear band dispersion in the vicinity of the 

Dirac point. Among those of particular interest is impact 

ionization (or inverse Auger recombination), where an 

additional e-h pair is created as a consequence of the 

Coulomb-induced relaxation of hot carriers. It was proposed 

that the process would lead to a substantial enhancement in 

carrier multiplication in graphene.
18,29

 Our observation of a 

crater-shaped charge distribution, reflecting an intensity dip at 

sufficiently large fluences, is inconsistent with the prediction 

from this carrier multiplication mechanism, as it would lead to 

an increase rather than a decrease in the e-h pair population. 
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Moreover, while the impact ionization occurring at low 

excitation fluences may contribute to the overall enhancement 

of the detected intensities at ultrafast time scales (<100 fs), it 

is theoretically predicted to be less pronounced in the strong 

optical excitation regime we considered here.
18,29

 

 Phonon emission plays a pivotal role in carrier relaxation in 

graphene. The zone-center optical phonons (E2g modes) are 

responsible for intra-valley interband transitions, whereas the 

zone-edge phonons (A1
’
 modes) contribute to inter-valley 

interband recombination. The effective reduction in available 

phase space for carriers, due to the 2D nature of monolayer 

graphene with zero bandgap, leads to enhanced Coulomb 

interactions when compared to bulk semiconductors. The 

Coulomb-enabled Auger recombination processes create a 

significant population of transient carriers in higher-lying 

electronic states and lead to broadened electron-energy 

distributions. Considering the large optical phonon energies 

(~200 meV)
30

 and linear energy dependence of electronic 

density of states in monolayer graphene, the “Auger heating” 

processes may enable efficient e-h recombination when they 

are dynamically coupled to other energetically accessible 

channels such as emission of multiple, anisotropic optical 

phonons.
31,32

 

 The photoexcited carrier densities of the results shown in 

Fig. 2(a) are estimated to be in the range of 10
11

 to 4x10
12

 cm
-2

 

based on the optical absorption of graphene and the 

illumination geometry in our experiments.
33,34

 While Auger 

processes in conventional semiconductors, such as a 

submicron Si film on a sapphire substrate,
35

 occur on a time 

scale of hundreds of ps or even longer, which is orders of 

magnitude slower than emission of optical phonons in such 

materials, the gapless electronic spectrum and perfect carrier 

confinement of graphene make the time scales closer for these 

two mechanisms; theoretical calculations by Rana et al. 

predicted carrier recombination times induced by emission of 

optical phonons
36

 and Auger processes
37

 to be a few ps at 

room temperature near the crossover of the spatial contrast 

shape transition. Furthermore, carrier recombination through 

plasmon emission over our carrier-density range becomes 

dominant over the carrier generation counterpart.
38

 Because 

of a strong temporal overlap between Auger recombination 

and emissions of phonons and plasmons, in contrast to the 

conventional semiconducting materials, new dynamical 

channels become accessible for hot carriers to cool down 

efficiently. In such cases, it is possible to involve both 

interband and intraband carrier relaxations due to their 

ultrafast timescale.
39   

 Figure 4(a)-(b) shows three-dimensional plots of the 

evolution of simulated U-SEM image intensity distributions, 

which are related to the electron density,† as a function of 

fluence at zero time delay [Fig. 4(a)] and at later times for a 

representative excitation fluence of 3 μJ/cm
2
 [Fig. 4(b)]. Our 

simulation results capture the distinctive change from a single 

Gaussian lobe to crater-shaped feature as observed 

experimentally [Fig. 2(a)] with its temporal evolution [Fig. 2(b)-

(c)].   

 Furthermore, fluence-dependent spatial extent and 

integrated intensities of the simulated image intensity profiles 

at various time delays are in good agreement with those 

obtained from the experimental data. We found that the 

spatial extent and integrated intensities of the bright-contrast 

regions increase with laser fluence. Figure 4(c) shows a full 

width at half maxima (FWHM), for the cross section along a 

long axis of the feature, as a function of the pump fluence on a 

semi-log scale. The FWHM clearly exhibits a linear relationship 

with a logarithmic increase of the pump fluence.  

 Figure 4(d) displays the pump fluence dependence of the 

integrated U-SEM image intensity over a full field of view of 

the images shown in Fig. 2(a). At low fluence, the intensities 

show a linear increase and become nearly saturated at high 

enough fluences. The overall magnitude of the intensity is 

larger for the high fluence than that for the low fluence, 

consistent with the temporal behavior from experiments [Fig. 

3(d)] and simulations (Fig. S8†). The simulated results capture 

the key fluence-dependent and temporal behavior seen in the 

experimental data; nevertheless, small deviation from the 

experimental observations is likely due to the simple 

treatment of the decay rate parameters used in our model. 

The evolution of the spatial charge profile in time provides 

further information about how photoexcited carriers diffuse 

Fig. 4  Theoretical modeling results of space-fluence and space-time carrier dynamics 

in monolayer graphene, and comparison with the experimental results. (a) Shown in 

three-dimensional plots are U-SEM image intensities at various fluences and at zero 

time delay. (b) U-SEM image intensities at various time delays for 3 μJ/cm
2
. The 

results capture the key spatial, fluence-dependent, and temporal behavior seen in the 

experimental data. (c) FWHM along the long axis of the imaged features shown in Fig. 

2(a) as a function of the pump fluence. Red empty circles and blue empty squares 

indicate the experimental and theoretical values, respectively. The inset depicts a 

stripe over the U-SEM image (7 μJ/cm
2
) that was used to extract the values, as an 

example. The dotted line is the least square fit to the theoretical prediction. (d) 

Integrated intensities for the images shown in Fig. 2(a) as a function of pump fluence. 

Red empty circles and blue empty squares indicate the experimental and simulated 

results, respectively. The key parameters used in our model are given in Table S1.†
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away from the illuminated region. In Fig. 3(c), at the excitation 

fluence of 3 μJ/cm
2
, the least square fit to the initial data 

points (<450 ps) yields a diffusion coefficient of (5.8±0.7)x10
3
 

cm
2
/s. This value compares well with the reported 

experimental diffusion coefficient for CVD-grown graphene
21

 

and approximately a factor of two smaller than that of 

epitaxial graphene,
20

 let alone that of free-standing graphene 

calculated using Monte-Carlo simulations.
22

 The agreement is 

good considering the different graphene growth techniques. 

Conclusions 

Using U-SEM the ultrafast carrier dynamics, such as carrier 

relaxation and diffusion, in monolayer graphene are visualized 

in real space and time. We observed striking crater-shaped U-

SEM images at high optical-excitation fluences. To the best of 

our knowledge, such a phenomenon has not been reported 

before. This demonstrates the advantage of directly imaging 

local charge distribution in time, in contrast to the 

conventional all-optical pump-probe technique which usually 

provides mixed information about carrier temperature and 

density. This study uncovers that the spatiotemporal evolution 

is mainly due to an efficient, unconventional Auger-assisted 

relaxation process, most likely involving emission of optical 

phonons and plasmons that becomes dynamically accessible 

only at high pump fluences. So far, the crater-type carrier 

dynamics is found to be unique to graphene and was not 

observed in silicon or metals. The experimental approach, with 

the simple theoretical model discussed here, offers a 

consistent explanation for the observations, suggesting 

possible extension of U-SEM to other 2D layered materials, 

ultrathin films or surfaces of bulk materials. 

Experimental section 

Methods 

Our experimental setup utilizes the secondary electrons, 

generated by an electron pulse in the SEM, as probe signals. In 

this scheme, time-dependent changes in secondary electron 

yield of a graphene sample induced by an optical pump pulse 

are measured and used to construct images. U-SEM images 

present the spatial variation of difference in SEM image 

intensities where SEM images acquired at a specific time delay 

between an optical pulse and electron pulse were referenced 

to the images acquired at far negative time where no 

detectable dynamics was observed. As such, only dynamic 

signals constitute the images, as static signals are subtracted. 

The emitted secondary electrons are replenished by a good 

contact between the sample and the electrical ground via 

copper clips or conductive glue. Line-scan images at sample 

surfaces exhibited no substantial intensity variations, 

indicating negligible charging effects during data acquisition. 

The samples were positioned at a working distance of 10 

mm and perpendicular to the propagation direction of the 

pulsed electron beam, with its energy of 30 keV. The emitted 

electrons from the sample surface were collected using a 

positively-biased Everhart-Thornley detector. Our experiments 

rely on stroboscopic recording of images and full recovery of 

the sample’s dynamical response was ensured before the 

arrival of a next pump pulse. At each delay, the 

synchronization between the optical pump pulse and the 

electron pulse is ensured at every pixel. All U-SEM images 

(512x442 pixels) were acquired at a dwell time of 1 μs per 

pixel, indicating the time span between the measurements on 

two neighboring pixels is 1 μs, and were integrated 64 times to 

improve the signal-to-noise ratio. The pulse energy of an 

electron-generating laser beam was ~3 nJ. A repetition rate of 

8.4 MHz was used to ensure full recovery of graphene 

dynamics and for signal-to-noise ratio optimization. The 

scheme of excitation and electron liberation is shown in Fig. 

S1(a). 

For an identical laser system (Clark-MXR, Impulse), we have 

obtained measurements of the beam shape and for the two 

vertical positions; the beam is Gaussian-type over the power 

range of <1 mW to ~300 mW [Fig. S1(b)]. Since inserting a 

neutral density (ND) filter in the beam does not change a 

transverse mode of the laser beam, we inserted a ND filter in 

the beam path in U-SEM measurements to ensure whether the 

crater-shaped feature is robust at high fluences. By simply 

inserting the ND filter into the beam path, the crater shape 

disappeared. With this experiment, we confirmed that the 

beam shape was not responsible for our observations, as also 

shown in Fig. S1(b). 

Monolayer graphene samples, purchased from Graphene 

Supermarket, were grown via CVD techniques and then 

transferred onto SiO2 (300 nm)/Si substrates. We 

characterized the graphene specimen using optical imaging 

and Raman spectroscopy.
40-42

 Figure S2(a) is an optical 

micrograph of the investigated graphene sample, revealing a 

relatively homogenous sample appearance with few defects 

and dislocations. Figure S2(b) shows typical Raman spectra 

acquired on the investigated samples using a Renishaw inVia 

Raman microscope at room temperature in ambient 

conditions with 514 nm light irradiation at low power. The 

presence of D-, G-, and 2D-peaks at 1346, 1589, and 2691 cm
-1

, 

respectively, together with the Lorentzian-fitted 2D peak 

shown in the inset of Fig. S2(b), indicates the graphene 

characteristics; this would not be the case for multilayer 

graphite.
41

 The ratios of D- to G-peak and G- to 2D-peak are 

~0.3 and ~0.4, respectively, also suggesting the predominant 

presence of a single layer of graphene.
 40-42

 

To ensure that the rise time in graphene is not limited by 

the instrumentation response, we performed independent 

measurements on p-type Si(100) (purchased from MTI) under 

the identical experimental conditions used for the graphene 

study, except for the pump laser fluence (~0.6 mJ/cm
2
). We 

obtained a transient U-SEM image intensity showing a rise 

time of 1.2±0.2 ps [see Fig. S3(a)], as compared to that of 

monolayer graphene which gives 52±3 ps [see Fig. S3(b)] at the 

center spot. In addition, we do not observe a crossover 

between a single lobe and crater-shaped feature during the 

recovery processes. 
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Control experiments 

We observed no U-SEM contrast change in the SiO2 substrate 

in the absence of the graphene layer [bottom right image of 

Fig. 2(a)]; the same thickness of SiO2 (300 nm) was used with 

and without graphene. This result indicates that the U-SEM 

images arise solely from graphene. We note that the fluence 

threshold for a single-shot multiphoton ionization
43

 of SiO2 

(bandgap of ~9 eV) is four orders of magnitude larger than the 

laser fluence used in our experiments, thus excluding the 

influence of such processes. 

 We also note that the fluence needed to induce crater-

shaped U-SEM signals in monolayer graphene is more than 4 

orders of magnitude lower than the reported single-shot 

damage threshold under intense femtosecond laser 

exposure.
44,45

 The experimental data are reproducible on the 

same sample area. This was confirmed by the fact that no 

appreciable changes in the dynamic features (including a 

crater-shaped pattern) were seen when successive data sets 

were compared. Moreover, there was no apparent damage 

found in the images acquired during data acquisition at the 

highest laser fluence and at the end of measurements, further 

indicating that the measured contrast is not caused by 

structural damage. Similarly, the temperature rise of graphene 

is insignificant because of its very high thermal conductivity 

(>1500 W/m·K for CVD-monolayer graphene
46

). At a fluence of 

15 μJ/cm
2
 the temperature rise is ~2 K and at the highest 

fluence used of 123 μJ/cm
2
, the rise is ~20 K.

47,33,34 

 
Prior studies of non-thermal carrier dynamics in 

prototypical semiconducting materials using the U-SEM 

technique in this laboratory revealed that the bright contrast 

in images arises from the enhancement of the secondary 

electron emissions upon the arrival of an electron pulse, 

resulting from an energy gained by transient conduction 

electrons through optically-excited interband electronic 

transition.
5,6,8

 The differences in the U-SEM image intensities 

referenced to unilluminated surface areas thus reflect the 

changes in the transient population of conduction band 

electrons. While an intricate interplay between the energy 

gain and photo-assisted energy loss mechanisms may lead to a 

bright and/or dark contrast in other materials,
6
 monolayer 

graphene is atomically thin, and does not exhibit any 

discernible dynamics at negative time delays, as shown in Fig. 

2(b)-(c) and 3(d). Moreover, the U-SEM signal remains as a 

bright contrast at positive time delays, including a contrast dip 

in the center of the donut-like footprint observed at high 

fluences. Therefore, we attribute our observations of the 

fluence-dependent changes in the contrast patterns to the 

optically excited electron-hole (e-h) pairs through dipole-

allowed π- π* transitions and their relaxation back to the 

ground state, which provides detailed insights into efficient 

dynamical relaxation channels that are strongly dependent on 

the fluence of the irradiation. 

We emphasize that the observed transition of the spatial 

intensity takes place at excitation fluences by more than 40 

times lower than those for absorption saturation in monolayer 

graphene
48

 and by orders of magnitude lower than those for 

stimulated emission observed in this material.
49

 Furthermore, 

a previous experimental observation of radiative e-h 

recombination in monolayer graphene revealed a quantum 

efficiency as low as ~10
-9

,
50

 suggesting that the observed 

dynamics in this work should involve strong fluence-

dependent carrier recombination channels other than 

radiative processes. 

The saturation limit of the Everhart-Thornley detector in 

our apparatus was determined by a linear response behavior 

in the U-SEM images.
51

 At the highest sensitivity the limit 

corresponds to a maximum ~8 electrons per pixel at the 

detector, with a dwell time of 1 μs. A pixel is about 415 nm 

(while the spatial resolution achievable with the apparatus 

used in his work is ~10 nm
4
, the evolution of the fluence-

dependent spatial charge profile is most discernible when the 

field of view is comparable to the size of the pump beam, so 

we resort to this length scale here). An estimate of the number 

of electrons per pixel in our experiments is less than 6 at the 

highest sensitivity. Thus, all experiments were conducted 

below the saturation limit. The laser beam shape was kept 

unchanged with excitation fluence. Additionally, we observed 

the consistent dynamic features even when the samples were 

ex-situ annealed up to ~250 °C. 

 We note that the polycrystalline nature of CVD graphene is 

known to have a sizeable influence on carrier scattering and 

thus mobility.
52

 Despite our efforts on 4D carrier mapping over 

many different sample areas, no statistically significant 

anisotropy was found, possibly due to an insufficient signal-to-

noise ratio for imaging in both space and time. 
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