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By combining the nanometer spatial resolution of the electron microscope (EM) with ultrafast 

electron pulses, the invention of so-called four-dimensional ultrafast electron microscopy (4D 

UEM) has indeed unraveled a new dimension in imaging techniques that enables the space-time 

visualization of non-equilibrium electronic and structural dynamics.[1-3] In a UEM experiment, 

single electron pulses, which are generated by fs laser pulses, are utilized and further 

synchronized with optical-excitation pulses, providing a new, powerful methodology to image 

ultrafast dynamical processes in real space and time. In this regime, the replacement of a 

continuous electron beam, as used in conventional EM, by photoelectron packets, for which the 

probe pulse contains at most a few electrons, can significantly eliminate Coulomb repulsion 

between electrons and allows the temporal resolution of UEM to be determined only by the 

optical pulse duration, while maintaining the same spatial resolution of EM.[1-4] Amongst the 

different techniques of microscopy that have been integrated into UEM,[5-10] S-UEM is 

particularly befitting of selectively probing surface dynamics in real space and time.[6, 11-13] More 

specifically, in S-UEM, time-resolved secondary electron (SE) images are generated from the 

specimen surface following in situ fs optical excitation (see Figure 1) and probing with a pulsed 

primary electron beam. This allows for the study of physical and chemical dynamics on the 

surface and at the interface of materials.[6, 11-12, 14] Recently, ultrafast transient absorption 

microscopy techniques have also been developed to examine charge carrier dynamics of 

nanostructures with high spatial and temporal resolution;[15-16] however, these techniques are 

limited by the laser’s relatively large penetration depth, and therefore they record mainly bulk 

information. 

The ultrafast dynamics of charge carriers on materials surfaces plays a pivotal role in 

controlling the applicability of nanoscale materials, especially for one-dimensional 
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nanostructures, e.g., nanowires/nanorods, which have been extensively used for electronic, 

optoelectronic and photoelectrochemical applications due to their interesting and unique 

properties.[17-28] For instance, an understanding of non-radiative energy losses at the surface, via 

carrier-carrier and carrier-phonon interactions, following pulsed-laser excitation is crucial for 

wide bandgap semiconductors, e.g., group III nitride materials and alloys.[29-33] Of particular 

interest is the InGaN system that has found wide-spread use as the active media in solid state 

light emitting diodes, laser diodes and photovoltaic devices because of its tunable bandgap from 

a value of 0.7 to 3.4 eV and other characteristics such as a direct band gap, high absorption 

coefficient and irradiance resistance.[34-38] However, the internal quantum efficiency (IQE) of 

these devices is limited by an energy loss mechanism, which leads to a decrease in the IQE at 

high driving currents. This phenomenon is commonly known as an “efficiency droop”.[39-41] The 

precise nature of this energy loss mechanism has been the subject of intense debate, and a variety 

of pathways have been proposed. Intra-and inter-band Auger recombination events, which 

involve the scattering of an electron within the lowest and to the second-lowest conduction 

bands, respectively, along with alloy scattering, i.e., the scattering of carriers due to the disorder 

component of the crystal potential, have been the most reported explanations.[42-46] The scattering 

processes also limit the mobility of charge carriers, which in turn diminishes the efficiency of 

optoelectronic devices.[46-48] It should also be noted that under low injection current density, the 

carrier diminishing mechanism in the InGaN nanowires is dominated by the surface-states 

related Shockley-Read-Hall recombination, a monomolecular recombination phenomenon. It was 

reported that a reduction in surface-states resulted in a higher peak-IQE and overall higher IQE, 

or the related quantity, the external quantum efficiency (EQE), even when the Auger 

recombination process started dominating at a higher injection current density.[49] Therefore, to 
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unlock the full potential of InGaN for efficient device-based applications, a precise knowledge of 

the surface recombination dynamics is of utmost importance. The limited penetration depth of 

the electron beam in SUEM, as has been discussed, warrants information about charge carrier 

recombination and diffusion process dominated mostly by surface states, and will indirectly shed 

light on the improvement in IQE at low injection current density regime of operation.  

Herein, we image the charge carrier dynamics of a densely packed array of InGaN nanowires 

(NWs) oriented vertically on the substrate with the length and the diameter being in the range of 

460-510 nm and 20-40 nm respectively, upon fs optical excitation using S-UEM. Unlike the 

cases of CdSe single crystals and Si,[11] where bright contrast has been observed at positive time 

delays, the measured contrast in time-resolved SE images at both negative and positive time 

delays is dark. From the time scale obtained, we are able to deduce the deactivation channels and 

the mechanism of SE energy loss. Interestingly, imaging the signal spread over a time window of 

6.0 ns provides clear experimental evidence for the diffusion of charge carriers across the 

boundaries of the nanowire array, which is indeed a critical parameter to control the efficiency of 

InGaN light emitting devices and laser diodes.[50-52]  

The schematic diagram for 4D-SUEM is provided in Figure 1, and detailed information on the 

principle of operation is published elsewhere.[11, 13] Briefly, the output of a fs Clark-MXR fiber 

laser system is integrated with a modified Quanta FEI-650 SEM. The laser delivers IR pulses 

centered at 1030 nm with a pulse width of ~270 fs and the repetition rate ranges from 200 KHz 

to 25.4 MHz. The fundamental output is split by a 1:1 beam splitter, and thus it simultaneously 

pumps two second/third harmonic generators (HG, Clark-MXR) to produce 515 or 343 nm 

pulses. The 343 nm output is directed and tightly focused onto the emitter tip, which photo-

generates electron pulses that are then accelerated using a 30 keV voltage. The 515 nm output 
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enters the microscope through a viewport that is at a 50-degree angle relative to the surface 

normal and is focused on the specimen for dynamics initiation. The scanning process of the 

electron beam takes place across the surface of the sample, both the laser excited and unexcited 

regions in raster pattern, and the SEs emitted from the sample are detected by a positively biased 

Everhart-Thornley detector. The SEs images were obtained as integration of 64 frames with 

dwell time of 300 ns at each pixel to improve the signal-to-noise ratio. Finally, all experiments 

are conducted at a repetition rate of 8 MHz to ensure a full recovery of the specimen before the 

arrival of the next pulse. 

 

Figure 1. A conceptual schematic of the S-UEM. Pulsed electrons are scanned over the surface 

that is illuminated by an optical pulse. The emitted SEs are then detected to construct time-

resolved SEs images at different time delays between the optical and electron pulses. 

 

Figure 2 shows the time-resolved SE images that are obtained from InGaN NWs at different 

time delays in response to the 515 nm excitation pulse. As can clearly be seen, a dark contrast is 

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

near time zero. At positive time delays, the measured contrast is also dark, which suggests that 

the SEs generated in both regimes lose energy during their migration to the surface in order to 

escape (details described below). It should be noted that the dark contrast spreads beyond the 
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laser footprint region with time, which originates from carrier diffusion from the laser 

illuminated part. Dense packing of the NW array can enable the carrier diffusion across the 

boundaries of the NWs, and for ease of understanding, the sample can be compared to a thin film 

with columnar growth. 

 

 

Figure 2. Time-resolved SE images of InGaN NWs at the indicated time delays. The dashed 

ellipses indicate the footprint of the clocking optical beam on the specimen (~40 µm). No 

observable change in the contrast at very negative time signifies the recovery of the system to an 

equilibrated state after each pump-probe event. An SEM image of the nanowires is shown in the 

inset (top panel) and cross section SEM image has been provided in Figure S2. 
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To investigate the carrier dynamics, the SE intensities from the center and outside the 

periphery of the laser excitation footprint are plotted as functions of the time delay between 

optical and electron pulses (Figure 3, top panel). The pulse energy of the pump beam is 0.06 nJ 

at the sample; it is worth mentioning that we also performed the same experiment under different 

pulse energies (0.012, 0.036, and 0.073 nJ), and the kinetics at the laser footprint remain 

essentially the same, indicating the independence of the carrier dynamics for this range of pulse 

energy. It is worth pointing out that the Si substrate will not contribute to the observed contrast 

change due to the very low excitation pulse energies used. In addition, the long length of InGaN 

NWs does not allow any SEs to come out from Si substrate. For the signal collected from the 

center, it is observed that the intensity reaches its maximum darkness within the temporal 

resolution of the instrument. As time passes, in addition to the spreading of this dark contrast, the 

signal fades away, indicating carrier relaxation. It should be noted that the carrier relaxation is 

much slower than the maximum time window of the SUEM; therefore, an accurate decay time 

cannot be extracted from fitting the data on this time scale. On the other hand, the SE kinetics 

obtained from outside the periphery of the signal (ca. a few micro-meters) shows a time constant 

of 1.2±0.2 ns to reach its maximum intensity. To confirm the origin of this slow dynamic feature, 

we use the ambipolar diffusion coefficient for electrons in InGaN nanowires (26 cm2/sec)[11, 53] to 

calculate the carrier diffusion/spreading away from the laser footprint region. Based on this 

information, we found that carriers can diffuse approximately 3.95 µm within the 6 ns time 

window, which is in good agreement with our measurements. This observation provides clear 

evidence for the accessibility of probing carrier spreading on material surfaces in space and time 

using S-UEM. 
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The observed dark contrast in the S-UEM images at negative delays with a 20±4 ps time 

constant (Figure 3, Top panel; inset) can be explained as follows. The electron pulse arrives at 

the sample prior to the fs optical pulse (Figure 3, middle panel).[6, 11-12] The non-equilibrium 

change in the sample by electron impact is altered again by the following optical pulse. This dark 

contrast can be attributed either to the diffusion of plasmon-excited carriers that are generated 

from deeper areas of the sample by electron impact, which can be perturbed by electron- hole 

pairs generated by the clocking photon pulse, or to different scattering processes.[54] Considering 

the ambipolar diffusion coefficient of 26 cm2/sec in InGaN NWs, and if we assume that ~250 nm 

constitutes the region of the distribution that can eventually contribute to the SE signal, we 

obtain (using L2/D; where L = the distance charge carrier diffuses and D = Diffusion coefficient) 

a time constant of about ~24 ps for the plasmon excited carriers to reach the surface. This seems 

to be a reasonable explanation for the observed dark contrast. On the other hand, scattering 

seems less likely because the characteristic time constant for electron-electron and electron-

phonon scattering processes are in the range of a few femtoseconds and picoseconds, 

respectively, which does not match the observed time. To further confirm the origin of the dark 

contrast in the negative time, we did two different control S-UEM experiments, by varying the 

pulse energy of the electron beam as well as the thickness of the sample, both of which suggest 

that the negative signal must have originated from plasmon excited carriers that are generated 

from deeper areas of the sample (Experimental details provided in Supporting Information, 

Figure S3-S4).  
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Figure 3. Top panel: The dynamics of the temporal evolution of the SE intensity at the center 

and outside of the laser footprint. Inset shows the SE kinetics in the negative time region. Middle 

panel: Schematic diagram showing the principle of imaging in negative (the electron pulse 

arriving at the sample prior to the optical pulse) and positive (the optical pulse is prior to the 

electron pulse) time scales. Bottom Panel: Shows the time regimes that are probed: electron-

photon and photon-electron probing. 

At positive time delays in the S-UEM experiment, the optical pulse promotes a fraction of the 

valence-band electrons to the conduction band (Figure 3, middle panel). Compared with 

electrons in an unexcited specimen, the promoted electrons have a high probability of emitting 

SEs to the vacuum level when they are scattered by the energetic primary electron beam, which 

results in an enhanced probability of SE emission. This should give rise to a bright contrast in the 

image, as has been observed for Si or CdSe.[11] However, the dark contrast observed in the case 
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of InGaN NWs suggests a different mechanism, where SEs in the conduction band lose energy 

during transit to the surface and they do not reach the detector because of an energy deficit, as 

explained by Cho et al.[12] In this case, scattering processes with photo-generated electron-hole 

pairs are most likely responsible for the energy loss. As the effective cross-section for the 

scattering of SEs with conduction electrons is much higher than that with valence electrons,[12] a 

decrease in SE emission and, subsequently, a low contrast is observed. 

We further compare our imaging results with carrier dynamics that we obtained from ultrafast 

pump-probe spectroscopic measurements. Figure 4a shows the transient absorption (TA) spectra 

of the nanowires in the ns-µs region after 515 nm optical excitation. Clear ground state bleaching 

is observed at 460 and 603 nm due to the removal of the occupied valence band population, as 

confirmed from the peak position of the steady-state absorption spectra of the nanowires (Figure 

S2). The kinetics of the ground state bleach recovery at 460 nm (measured with ns-TA 

spectroscopy), which is fitted with a double exponential function, yields two time components: 

~2 ns and ~101 ns (Figure 4B, inset). The short component matches the band-edge excitonic 

recombination time of InGaN that has been reported in literature.[55-56] The long component 

probably arises from the recombination via a localized state, where the overlap between electron 

and hole wavefunctions is considerably low, or via some intra-bandgap trap sites, which may 

arise in indium rich regions.[57-58] When the TA kinetics is compared with the kinetics obtained 

from the S-UEM, it is observed that within a time window of 4 ns (Figure 4b), both kinetics are 

exactly the same, which clearly proves the authenticity of the data obtained from S-UEM.  
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Figure 4. (A) The TA spectra for InGaN NWs in the ns region at the indicated time delays. (B) 

Kinetics that were obtained at 460 nm from the TA spectra in comparison with the kinetics that 

were obtained from the S-UEM. Both data sets overlap with each other exactly in the 4 ns time-

window. Inset shows the complete kinetics for the ground state bleach recovery with a longer 

time window, as obtained from the TA measurement. The solid lines are the best fit for the 

experimental data. 

To get further insight into carrier relaxation and diffusion process, we performed numerical 

modelling for the SE signal variation in time and space. We assume that the sample material is 

homogeneous in lateral direction, i.e. possible inhomogeneity of physical properties is effectively 

averaged off. Hence the model involves effective diffusion coefficients for electrons and holes, 

which most likely is determined by charge transfer between individual nanowires as this process 

is expected to be much slower than the carrier migration inside the nanowires. As the SE signal 

is proportional to local free electron concentration on the surface of the materials, we take into 



 
 

 
 

 12 

account two main processes taking place after laser pulse excitation of the nanowires. The first 

process is the diffusion of the photo-excited free electrons and holes across the boundaries of the 

nanowire array resulting in visible size increase of the area generating SE signal. The second 

process is the recombination of free carriers resulting in the overall SE signal decrease. To 

simplify the task we assume that the excited area has a circular shape and the carrier diffusion is 

isotropic such that we can neglect the shape variation. This also allows reducing the diffusion 

problem to the one-dimensional one. Then the space and time variation of the free electron and 

hole concentrations ne and nh can be described by the following equations   
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where, all concentrations are normalized on the initial concentration at its maximum Ne0, De and 

Dh are diffusion coefficients of electrons and holes, respectively, γ1 and γ2 are monomolecular 

and bimolecular recombination rates, respectively. Both these rates have dimensionality s-1. To 

translate γ2 to the common dimensionality cm3s-1, it has to be divided by Ne0. The latter can be 

estimated using the excitation pulse energy, the pulse cross section and the material absorption 

coefficient. 
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Figure 5. (A) Distribution of electronic concentration at different time moments. (B) Numerical 

fit for the kinetics of SE intensity evolution at the center and outside of laser footprint obtained 

by simulation. (C) Numerical fit for the kinetics of SE intensity evolution at extended time scale 

from the center and outside of laser footprint obtained by simulation. The model parameters used 

for simulation are De = Dh = 45 cm2s-1, γ1 = 4·107 s-1 (γ1 = 7·107 s-1 –for dotted lines), γ2 = 4·107 

s-1 (γ2 = 0 – for dotted lines). 

Eq (1) has been solved numerically with the initial data ne(x,0) = nh (x,0) = exp (-x2 /2σ2) with 

σ=10-3
 cm for various values of the parameters De, Dh, γ1 and γ2 to fit the experimental data for 
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normalized SE signal in the center and at the edge of the excited area. The normalized simulated 

signal at the center (x=0) has been taken as 1-ne(0,t), while that at the edge (at the distance 

x=2.5· σ from the center) was proportional to 1- α.ne (2.5 σ, t) with α being the fit parameter. We 

found that for the parameter values De = 45 cm2s-1
, γ1 = 7·107 s-1 and γ2 ≈ 0, the best fit (shown 

by solid lines in Figure 5B) for both SE signals (at x=0 and x=2.5· σ) can be obtained, suggesting 

that holes are not taking part in the SE signals. It is worth pointing out that nearly the similar 

quality fit (see solid lines in Figure 5B) can be obtained for the values γ1 = γ2 = 4·107 s-1 and De = 

Dh = 45 cm2s-1 suggesting that the simulation results are not very sensitive to the presence of 

bimolecular recombination and the presence of holes per se, which again implies that the 

modelling results wouldn't be sensitive also to the triple-molecular electronic relaxation, i.e., the 

Auger processes. Therefore, we can conclude that the leading mechanism of non-radiative 

energy loss involves mono-molecular electronic relaxation. The higher value of electronic 

diffusion coefficient De compared to that used above (26 cm2s-1) is due to the presence of 

recombination. The overall decrease in electronic density due to recombination requires much 

higher value of De to account for the same increase in the SE signal at the periphery region as in 

the case without the recombination. This is illustrated in Figure 5A by the decreasing and 

broadening distribution of electronic density. The presence of recombination is really necessary 

for reproducing the experimental shape of the SE signal in the center (red lines in Figure 5B). To 

summarize, the model provides a good description of the SE signals in both experimentally 

measured spatial regions, i.e. in the center and at the periphery of the laser spot (see Figure 5B). 

This description allows rather accurate estimation of the electron diffusion coefficient while the 

description quality is not very sensitive to all other parameters, as their cumulative effect is 

mutually compensated (compare solid and dotted lines in Figure 5 B and C). 
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 In conclusion, we report on the first real-space imaging of   the charge carrier dynamics on the 

surface of InGaN NWs using 4D S-UEM. This technique provides the unique opportunity to 

directly visualize surface dynamics selectively, including carrier recombination and diffusion in 

real space and time, thus providing access to a territory that is beyond the reach of either static 

imaging or time-resolved laser spectroscopy/microscopy. Moreover, we identified the possible 

deactivation channels and the mechanism of secondary electron energy loss in the system. 

Numerical modelling for the SE signal variation in time and space further gave an accurate 

estimation of the carrier relaxation and diffusion process, which were consistent with the 

experimental results. Real-time visualization of the charge carrier dynamics on the surface not 

only provides a basic understanding of semiconductor physics but also enables intricate mapping 

of energy loss pathways, which are a major hurdle for advancing the performance of InGaN in 

optoelectronic devices. 
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Experimental Section 

 

Fabrication of InGaN nanowires 

The InGaN nanowires crystals were grown using Veeco Gen-II plasma assisted molecular beam 

epitaxy (PAMBE) on silicon substrates using a process similar to our previous report.[1] Prior to 

nanowires crystal growth, the silicon substrates were cleaned in hydrofluoric acid solution to 

remove surface oxide. The sample is then heated in two stages, in the adjoining load-lock and 

transfer vacuum chambers, for removing the adsorbed molecules on the substrate. The pristine 

substrate is then transferred into the growth chamber for further oxide desorption at an elevated 

temperature of 800oC. The InGaN nanowires are then grown catalyst free at temperatures less 

than 600oC, with the indium and gallium vapor flux pre-calibrated to obtain the 

photoluminescence peak emission wavelength above 600 nm. The background pressure of the 

growth chamber was kept at ~1x10-5 Torr, which is sustained by supplying the nitrogen plasma 

species required for the formation of InGaN nanowires crystals. After crystal growth, the sample 

is cooled down and removed from the ultra-high vacuum chambers for subsequent 

experimentation. 

 

Control experiment to confirm the origin of dark contrast at negative time delays of SUEM 

experiment 

To further confirm the origin of the dark contrast in the negative time, we did two different 

control S-UEM experiments, (1) we imaged the thin film of CdSe (about 60 nm thickness) and 

bulk single crystal (about 5 mm thickness) of CdSe; (2) we changed the energy of the electron 

beam from 30 keV to 1 keV. It is well known that that when the energy of the electron beam is 1 

keV, the penetration depth is much smaller. In 1 keV experiment, we do not observe the dark 

signal at the negative time in contrast to 30 keV, which clearly shows dark signal at negative 

time (Figure S3). Similarly CdSe films with ~60 nm thickness does not show dark signal at 

negative time contrary to the single crystal of CdSe (Figure S4). Both these results suggest that 



 
 

 
 

 22 

the negative signal must have originated from plasmon excited carriers that are generated from 

deeper areas of the sample. It is worthy to mention that CdSe was used for the control 

experiments since it is much easier to control the thickness for CdSe film compared to InGaN 

NWs. 

 

Instrumentation 

Steady-state spectroscopy: Absorption spectra were measured on a Varian Cary 6000i UV-Vis-

NIR spectrophotometer with integrating sphere. 

Time-Resolved Spectroscopy: µs-TA spectroscopy was carried out using a pump-probe EOS 

spectrometer. The fundamental output came from a Ti:sapphire femtosecond regenerative 

amplifier operating at 800 nm with 35 fs pulses and a repetition rate of 1 kHz. Spectrally tunable 

(240−2600 nm) femtosecond pulses generated by an Optical Parametric Amplifier (Light 

Conversion LTD) was used as the pump (excitation). A two-channel probe (probe-reference) 

method is used where the probe beam is split into two before passing through the sample- one 

travels through sample and the other is sent directly to the reference spectrometer that monitors 

the fluctuations in the probe beam intensity.2 
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Supporting Figures 

 

 

 

Figure S1. Ray diagram of 4D SUEM optical setup. 

 

 

Figure S2. (a) Top view SEM image of InGaN nanowires grown on silicon substrate with a 
density of ~ 4×1010 cm-2, (b) Cross section SEM image of InGaN nanowires.  
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Figure S3. Time-resolved SE images of CdSe at the indicated time delays at energy of the 
electron beam being 30 keV (top panel) and 1 keV (bottom panel). The dashed ellipses indicate 
the footprint of the clocking optical beam on the specimen (~40 µm). 

 

 

Figure S4. Time-resolved SE images of CdSe single crystal (upper panel) and film (bottom 
panel) with 60 nm thickness at the indicated time delays. The dashed ellipses indicate the 
footprint of the clocking optical beam on the specimen (~40 µm). 
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Figure S5. (a) Steady state UV-Vis absorbance spectra of InGaN nanowires (b) Tauc plot to 
determine the bandgap of the nanowires.  
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