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Abstract

Utilizing four-dimensional scanning ultrafast electron microscopy (4D-SUEM) is a powerful tool
to monitor charge dynamics at material surfaces and interfaces especially for the application in
renewable energy field. Herein, we uncover unique physical features for 4D-SUEM upon reducing
the acceleration of probed primary electrons to 1 keV, for wide range of materials including various
single crystals, thin films and quantum dots upon the presence of oxidized and neat surfaces.
Working at 1 keV helps to uncover the migration of photogenerated carriers originating from both
sub-surface and bulk layers, under the influence of the carriers scattering and the band-bending
phenomena. This approach provides a new avenue for the spatial and temporal access to the surface

exclusive dynamics in renewable energy materials to unlock their interfacial behaviors at the
nanoscale level.
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Introduction

Understanding charge carrier transport in crystalline and amorphous semiconductors is a critical
step to achieving high performances in devices such as thin-film transistors, light-emitting diodes,
and solar cells.* This transport directly depends on the carrier (i.e. electron or hole) diffusivity,
controlling the efficiency in the aforementioned applications.? Generally, when electrons in a
semiconductor have excess energy, they exhibit mobility through various electronic states
distributed through the entire specimen. This mobility can be determined by measuring either
carrier mobility or carrier diffusivity. In the presence of an applied electric field on the specimen,
the carrier mobility/diffusivity depends on the excess energy of the carrier and the mean free paths
for carriers between different scattering occasions, in which the higher carrier mobility is assigned

to longer mean free path.! The direct relation between carrier mobility (1) and its diffusion

coefficient (D) at an ambient temperature (T) is expressed in the Einstein equation: D = kq—Tu, in

which q is the unit charge and K is the Boltzmann constant.? Various techniques are routinely used
to determine carrier mobility and carrier diffusion; however, most of these techniques present some
drawbacks, such as poor repeatability, low accuracy, absence of high-time resolution, and more
importantly lack of surface-sensitivity. * Even though there are some time-resolved techniques
used to determine the carrier mobility of a specific material, they require additional processing for
sample preparation, such as the deposition of electron/hole transporting materials, which, in turn,

may undesirably affect the trap-state density and surface morphology of the targeted material.

Four-dimensional scanning ultrafast electron microscopy (4D-SUEM) has recently emerged as a
unique tool to study charge dynamics in real-time at material surfaces of a variety of semiconductor
materials, such as CIGSe 3, InGaN #8, GaAs ’, amorphous Si ¢, CdSe °, CdTe°, and p-n junctions.
In this experiment (see Scheme 1, we excite the material by a laser pulse centered at 515 nm, and
the surface changes are probed by pulses of primary electrons (PEs) with certain acceleration
voltages. * 121° These PEs generate timely secondary electrons (SEs) from the surface of the
specimen that are detected by a positively biased Everhart-Thornley detector, thus reflecting the
charge carrier dynamics at the excited state of the material surfaces.'®* Commonly, high applied
voltage for primary electrons was set to be 30 keV for 4D-SUEM measurements, to achieve high
resolution images for the SEs dynamics.® > 8 10.14.16-18 However, various materials can be quickly

degraded under such high applied voltages affecting the output results.*® Thus, working at lower



applied voltages is recommended to detect more repeatable measurements. Utilizing 1 keV for the
primary electrons could reveal the importance of such voltage to differentiate between oxidized
and neat surfaces for various materials, and illustrated that dark images observed in 4D-SUEM can
be attributed to the presence of oxidized surfaces. However, all the resulted data show slow rising
components that vary from material to another whatever the presence of oxidized surfaces or not.*°
In this work, we try to focus on understanding the nature of these rising components associated
with the 4D-SUEM measurements at low applied voltages. We could model the detected slow
rising dynamics to the migration of photo charged carriers generated by the penetrating light, and
could modulate these slow dynamics by changing the applied voltages of the primary electrons.
Thus, herein we show that the usage of a low applied voltage of 1 keV can also directly map and
control the charge carrier diffusion process from deep layers at “ca. 10-100s of nanometers” to
surface layers for various semiconductor single crystals. Under the 1 keV working condition, the
light penetration is deeper than the primary electron penetration, such as in the CdTe single crystal,
allowing for, the monitoring of the diffusion of photogenerated charges (PG) formed at the material
bulk to the top surface; see Scheme 1 These surfaces are easily oxidized and could be etched by
several methods, which dramatically affect the nature of the observed signals in the 4D-SUEM
measurements at 1 keV, revealing the interplay between light and electron penetration depth
affects the observed charge dynamics on material surfaces at the nanometer scale. We also studied
the influence of the surface oxidation on the surface charge dynamics for various materials, in
which band-bending can influence the carrier mobility towards the material surfaces.
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Scheme 1: Schematic representation of four-dimensional scanning ultrafast electron microscopy (4D-
SUEM) at 1 keV working condition using an excitation source of 515 nm and a repetition rate of 8 MHz.
Using the CdTe single crystal as an example, the 515 nm photon pulse can penetrate ca. 165 nm, while the
primary electrons can only penetrate ca. 17 nm, see the main text. The resulting secondary electron signal
is generated from the top surface layer of ca. 1 nm, producing dynamic black contrast images due to energy
loss mechanisms and surface oxidation; see the main text for more information.

Results and Discussion
Origin of Slow Growing Dynamics at Low Applied Voltages

Figure 1 shows the static and time-resolved secondary electron images at different time delays for
the various as-received materials investigated (p-doped CdTe, p-doped CdZnTe, and n-doped Si)
at a low applied voltage of 1 keV. These dark contracts were attributed to the presence of oxidized
layers as shown previously by XPS measurements (Figure S1-S3).2° Also, as can be seen for these
materials and for others measured at 1 keV, the type of the semiconductor p or n as well as the

chemical composition does not provide variation in the type of image contrasts.

Upon extracting and fitting kinetic traces from all these materials measured, slow rising

components are always present, followed by various decay components which are attributed to



charge recombination processes.'% 1619 For instance, the dark contrast for CdTe (110), can be fitted
by two time components for the best fit (see Figure 2 and Table 1). These lifetimes include one
rise time component of 355 ps and one long-decay component with nanosecond lifetime, as shown
in Table 1. Similar observations are also shown for other crystals; see Table 1 and Figure 1.
Although these rise time components are similar for CdTe single crystals, single crystal Si (100)
textured wafers showed a much faster rising component of 110 ps (see Figure 2). Interestingly, all
of these kinetic traces display slow growing components, which were not observed previously for
4D-SUEM studies at the higher applied voltage of 30 keV with the same 515 nm excitation

SOUfCe.4’ 9,12-15,17

Si (100)

Figure 1: Static SEM images for p-CdTe (110), p-CdTe (111), p-CdZnTe (111), and n-Si (100) surfaces
taken by thermal electrons from top to bottom. Different SE images are shown for material surfaces at
positive time delays starting from time zero to ca. 6 ns, with shaded areas for the laser footprint, showing
the progress of the charge carrier dynamics within each material.

Number of few parameters is needed to be figured out to know the origin of such slow rising
components in the time resolved SEs data. To investigate the effect for the number of incident
electrons, the CdSe thin film was examined for such experiment. Figure 3A shows that the slow-
rising component is independent on the number of probed electrons at such low applied voltage
used (30 and 100 pico-ambers). This indicates that such slow rising component is not originated

from the number of incident primary electrons rather than the electron’s energy.
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Figure 2: (A) Normalized kinetic traces extracted within the shaded area in Figure 1, representing the
charge carrier dynamics at Si (100), CdTe (110), CdTe (111), and CdZnTe (111) single crystal surfaces,
with shaded areas for charge carrier diffusion (yellow) and charge carrier recombination (cyan) processes.

Table 1: Fitting parameters required for fitting the kinetic traces extracted for various materials as listed
below. Lifetimes are shown in ps and ns; amplitudes are shown in % between parentheses.

sample [ 1 (ps) | Thecay (M%) | Thecay (A2%)
Si (100) 110425 | 4.7+1.1ns (100) | ------
CdTe (110) 355+16 Long (100)
CdTe (111) | 305+13 Long (100)
CdznTe (111) | 260+12 Long (100)

Another possibility for the slow rising component can be originated from the wide pulse utilized
for the time resolved measurements. Upon reducing the energy of probed electrons at 1 keV in
each packet, one expects to observe a smaller time resolution, in which the electrical charge is

proportional to the applied voltage, as shown in the capacitance relationship?, an electron pulse



width of 30 fs has been achieved at 0.4 keV.?! Also, the temporal resolution is mainly controlled
by the broadness of the laser pulses used, which was about ~1.2 ps.?? It should be pointed out that
a correlation has been found between the low number of probed electrons and narrowing of the
temporal resolution at 30 keV due to Coulomb’s repulsion force, in which the temporal resolution
was in the range of 0.65 to 3.2 ps.!* In this case, the presence of slow-rising components at 1 keV
of ca. two orders of magnitude higher than FWHM in the case of 30 keV, and cannot be justified
by an increase in the temporal resolution at lower applied voltages. However, to characterize the
temporal resolution and pulse broadening at 1 keV, we acquired images with high integration time
and small time steps (ps) for the CdSe thin film, and FWHM of ca. 2.0 £ 0.9 ps was obtained in
addition to the slow rising component; see Figure 3B. It is worth mentioning, that the CdSe film
shows low amount of oxidation at the Se atom?® as reveled by the XPS measurement (see Figure
S4), and thus the observed surface dynamics from the 4D-SUEM were bright spots with a positive

contrast as shown in the inset of Figure 1B.

To further scrutinize and verify the effect of applied voltage on the observed rising time
components, the Si (100) wafer has been measured at a higher applied voltage of 2 keV, and a
slow rise component is also detected, however with a faster rising time component of ca. 57 ps;
see Figure 3C. Moreover, upon measuring the Si (100) at 30 keV, the fast rise component was
fitted to 7.5 ps (This fast rising component is expected to be merged with the pulse width of the
laser pulse). These results indicate that a relationship is present between such slow rise components
and the applied voltage used for primary electrons. Thus, we assigned these slow rise components
observed at 1, 2, 30 keVs for the charge carrier diffusion to the penetration depths of probe pulses

of PEs at various applied voltages into these materials, as illustrated below in detail.

To gain more physical insights into the diffusion process from the bulk to the surface, we first
calculated the penetration depth of the 515 nm pump-excitation pulses. The light penetration depth
in any material relies on the inverse of its absorption coefficient (o). Using reference values of
absorption coefficients, the light penetration depths are found to vary from 165 nm in CdTe
samples to 1330 nm for Si samples, as shown in Table 2. Conventionally, it is known that when
light passes through an absorbing medium, creates high density of photogenerated carriers near to
the incident surface, and this density is exponentially decaying towards the entire specimen; see
Figure 4 and Table 2. According to this picture, the photogenerated carriers diffuse only towards



the bulk due to concentration gradient present. By using the penetration depth of the excitation

light and the observed rise time component form the 4D-SUEM measurements for each material,

we could calculate the diffusion coefficient (D) of each material using the following equation: D =
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Figure 3: (A) Comparison of kinetic traces of SE signal at 1 keV for a thin film of CdSe (100 nm) at
different currents of 30 and 100 pA, with a fitting rise time component of 120 ps. (B) Comparison between
normalized Kinetic traces of SE dynamics for Si (100) at 1 and 2 keV, showing exponential fitting for the
rising components of 110 and 57 ps, respectively. (C) Extracted kinetic trace for 100 nm CdSe thin film
with small time steps to measure the FWHM estimated to be within 2 ps and followed by a slow rise. (D)
Extracted inverted kinetic trace for the SE intensity of Si wafer (100) at an excitation wavelength of 515
nm and using probed electrons at an applied voltage of 30 keV.



Table 3 shows a comparison of calculated diffusion coefficient values with the literature ones for
the same materials. The range of calculated diffusion coefficient values fits quite well with the
reported ones after taking into account the range of absorption coefficients used and the noises
present in the extracted kinetic traces. Thus, under the 1 keV working conditions, the slow rise of
detected SEs could be attributed to the diffusion of photogenerated charges produced by the photon

excitation far from the bulk to the top few nanometers of the surface.
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Figure 4: Light penetration depth for investigated materials, Si, CdTe, and CdZnTe, at the wavelength of
515 nm (solid lines of different indicated colors). The penetration depths of primary electrons are shown at
different applied voltages of 1 keV (green lines with circles of different colors for each material) and 30
keV (square points of different colors): black (Si), blue (CdTe), and red (CdZnTe). The region of detection
of the secondary electrons is shown in pink, near to the material surface. The light penetration depth is
calculated using the transmittance relationship (T = exp(—2.3la)) for the investigated materials. More
information is presented in the text.



Table 2: Values of primary electron penetration depth at 1 and 30 keV in the investigated materials, along
with their densities. The light penetration depth at 515 nm is shown for each material.

Sample Density R¥*V(nm) | R%*V(nm) light penetration
(10° .ug. cm3) depth at L = 515 nm (nm)
Si 2.33 43 4234 1330
CdTe 5.85 17 1686 165
CdzZnTe 5.8 17.2 1700 660

Although the diffusion process of charges from bulk to surface fits the data quite well, this could
not explain the absence of such a process in previous 4D-SUEM measurements using the high
applied voltage of 30 keV or the change of lifetime components of this process upon using 2 keV;
see Figure 3. Nevertheless, working with different voltages significantly affects the penetration
depth of the primary electron beam. More specifically, the penetration depth of pulsed-primary
electrons is limited by the electron energy and the inelastic scattering process with the atomic
electrons, as well as by deflection by nuclear collisions.?® The maximum penetration depth (R) for
a material of density (p) can be estimated at working applied voltage (E) through the following
equation: R = aE*35p~1, in which a is a constant of 10 pg.cm™2.2 Due to multiple collisions
processes for PEs within the target, the transmission of PEs inside the material is controlled by an

exponential equation, as shown in Lenard’s equation.?®

0.18729-6%6xdepth
(R—depth)

Tprs = exp(— ), where Z is the target atomic number



Table 3: Comparison of measured diffusion constants according to measured diffusion lifetimes obtained

via 4D-SUEM versus literature values of diffusion coefficients from other techniques.

Absorat Diffusion | Diffusion coefficient | Reported diffusion
sorption cross : .
Sample . FZ 1yt time from bulk to surface coefficient
section (o, cm™)"¢"
(141 (D, cm?s?) (cm2.syRef.
Si (100) (ca. 6-9x10%% 2 | 110ps ca. 84-37 36-10% 3031
CdTe (110) (ca. 2-10x10%)?82
5.3 355 ps ca. 2.2-0.09 3.0%
CdTe (111) (ca. 2-10x10%)?82
5.3 300 ps ca. 2.8-0.1 3.0%
CdznTe(111) (ca. 1-2x10%)%° 260 ps ca. 12.8-3.2 8.1-1.7*

Figure 4 and Table 2 show the penetration depth of primary electrons in Si and CdTe materials at different
applied voltages of 1 and 30 keV according to Lenard’s equation. For example, the maximum penetration
depths of primary electrons at 1 keV range from ca. 17 to 43 nm for CdTe and Si, respectively (see

Table 3 shows a comparison of calculated diffusion coefficient values with the literature ones for

the same materials. The range of calculated diffusion coefficient values fits quite well with the

reported ones after taking into account the range of absorption coefficients used and the noises

present in the extracted kinetic traces. Thus, under the 1 keV working conditions, the slow rise of

detected SEs could be attributed to the diffusion of photogenerated charges produced by the photon

excitation far from the bulk to the top few nanometers of the surface.
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Figure 4: Light penetration depth for investigated materials, Si, CdTe, and CdZnTe, at the wavelength of
515 nm (solid lines of different indicated colors). The penetration depths of primary electrons are shown at
different applied voltages of 1 keV (green lines with circles of different colors for each material) and 30
keV (square points of different colors): black (Si), blue (CdTe), and red (CdZnTe). The region of detection
of the secondary electrons is shown in pink, near to the material surface. The light penetration depth is
calculated using the transmittance relationship (T = exp(—2.3la)) for the investigated materials. More
information is presented in the text.

Table 2). In contrast, these values are two orders of magnitude higher at 30 keV (see Table 2

Table 3 shows a comparison of calculated diffusion coefficient values with the literature ones for
the same materials. The range of calculated diffusion coefficient values fits quite well with the
reported ones after taking into account the range of absorption coefficients used and the noises

present in the extracted kinetic traces. Thus, under the 1 keV working conditions, the slow rise of



detected SEs could be attributed to the diffusion of photogenerated charges produced by the photon

excitation far from the bulk to the top few nanometers of the surface.
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Figure 4: Light penetration depth for investigated materials, Si, CdTe, and CdZnTe, at the wavelength of
515 nm (solid lines of different indicated colors). The penetration depths of primary electrons are shown at
different applied voltages of 1 keV (green lines with circles of different colors for each material) and 30
keV (square points of different colors): black (Si), blue (CdTe), and red (CdZnTe). The region of detection
of the secondary electrons is shown in pink, near to the material surface. The light penetration depth is
calculated using the transmittance relationship (T = exp(—2.3la)) for the investigated materials. More
information is presented in the text.

Table 2). Upon comparing these values with the light penetration depth, one finds that the light
penetration depth is almost one order of magnitude higher for CdTe samples and 30 times higher



for the Si samples in comparison with primary electron penetration at 1 keV (see Table 2). On the
other hand, at 30 keV, the light penetration depths are much smaller than the electron penetration
depth (see Table 2). These regions of deep photogenerated carriers far from the top surface are
overlapped solely with the penetration depth of the PEs at 30 keV (see Figure 4). Thus, these
calculations show that the photogenerated charge carriers within the material bulk populated by
the photon excitation can diffuse in many directions, including towards the material surface. With
high voltage 30 keV electrons, the highly penetrated primary electrons can scatter with the deeply
formed photogenerated carriers within the bulk, thus suppressing their mobility towards the surface
through inelastic carrier-carrier scattering processes. In this case, the detected dynamic SE signals
at such high voltages are produced mainly from the photogenerated carriers near to the material’s
surface when the absorbed light intensity approaches 1-1/e. This can be easily transferred into
nanometer depths of ca. 30 nm, 125 nm, and 250 nm for CdTe, CdZnTe, and Si, respectively. By
using the diffusion coefficient values from Table 3, we can theoretically calculate the appearance
"rise" component for the SE signals at 30 keV, when the majority of bulk carriers are inhibited.
Relying on the reported diffusion values, the rise lifetimes can be as follows 3 ps (D = 3 cm?.s™),
8.7 ps (D = 6 cm?.s?), and 5.8 ps (D =~ 36 cm?.s?) for CdTe, CdZnTe, and Si, respectively. These
rise lifetime components simply fall in the same range reported previously for the broadening of

the 30 keV-probed electron wave packets.* 1215

It should be noted that, due to the low primary electron penetration depth of 1 keV electrons, the
carrier inelastic scattering is much less compared to 30 keV electrons, thus facilitating the
observation of overwhelming photogenerated carrier diffusion from the material bulks to the
surfaces as shown, rather than the photogenerated carriers produced near the surface; see Figure
3B. At 2 keV, in which case the R?¢V~ 110 nm for Si wafer, the SE signal displays a faster kinetic
component (57 ps) due to diffusion of fast carriers nearer to the surface; see Figure 3A. The rising
time of 57 ps can correspond to a depth of 780 nm for the diffusion of bulk carriers (D = 36 cm?.s°
1, instead of the 1330 nm depth at 1 keV (Figure 3). In addition, upon measuring the same Si
wafer under the same working conditions at 30 keV, only a fast rise of 7.5 £1.5 ps was observed,
followed by slow signal decay, which is very close to previous calculations; see Figure 3D. This
finding is in line with the proposed mechanism that increasing the applied voltage of the PEs will

result in penetration more strongly inhibiting the slow diffusing carriers from deep layers via



inelastic scattering processes, thus allowing fast carriers from subsurface layers to reach the

surface earlier.
Impact of Oxide Layer on the Observed Dynamics

The above model indicates that, the slow rising components upon working at low applied voltage
like 1 keV can be assigned to the migration of photogenerated carriers at the bulk to the surface,
which doesn’t exclude the migration of photogenerated carriers at the sub-surface levels detected
at the 30 keV working conditions. In other words, high applied voltages should be sensitive to the
sub-surface layers, and the low applied voltages should be sensitive to both sub-surface and bulk
migrations of photogenerated carriers. However, the fast responses from the migration of

subsurface photogenerated carriers are not quite well-resolved at the data presented in Figure 2.

To seek that fast rising lifetime, several scans were performed for an oxidized PbS quantum dots®
with small delay time steps around time zero, as PbS illustrated strong dynamical signal under the
working conditions giving a high signal to noise ratio, in comparison to other oxidized materials
used. Figure 5A shows the Kkinetic trace of PbS extracted from the time-resolved images round
time zero. Interestingly, around time zero, weak bright images form the oxidized PbS could be
measured, which are quickly converted into dark images that are present in the extracted kinetic
trace. The kinetic trace is fitted with two lifetimes; the first one is a fast decay lifetime (15£10 ps),
while the second one is a slow growing lifetime 160+30 ps. Recently, at 1 keV working conditions,
we assigned the presence of bright images to the absence of oxidation layers and the presence of
dark images to the presence of oxidation layers.*® Thus, the initial fast decays component along
the conversion of bright images to dark, detected herein for the oxidized PbS material, can be
assigned the ultrafast trapping of photogenerated carriers at the surface, which is followed by slow
diffusion from bulk carriers. For further confirmations, CdTe crystals were etched and re-measured
by 4ADSUEM with small delay steps around time zero. The XPS measurements of the Ar-etched
CdZnTe (111) and CdTe (110) show the disappearance of the adsorbed oxygen on surface and the
Te-oxides, respectively. The extracted kinetic traces from the 4D-SUEM shows a fast rise
components of 2-4 ps followed by slow rises of ca. 430-500 ps, then a long lived lifetime
components are observed for the two samples; see Figure 5 B-C. Similarly, the HF-etching of the

Si sample shows disappearance of the Si-oxide peaks, and the presence of bright contrasts, with



fast rise component of 5 ps and a slow component of 330 ps, followed by a long lived species on
surfaces. Overall, whatever dark or bright contrasts are observed in the above dynamics, the slow
rising components, in the orders of tens of ps, is present in both oxidized and fresh etched samples
at 1 keV, and can be easily separated from the fast rising component due to migration of subsurface
carriers. Accordingly, we assign these slow rising components to carriers’ diffusion from the

materials’ bulk to surfaces.
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Figure 5: (A) Extracted kinetic trace for PbS oxidized single crystal with small time steps to measure the
electron trapping process at oxidized surface with high signal to noise ratio, which is followed by a slow
rise of the negative signal. The inset shows some extracted images at various times for the measured signal
using 4D-SUEM. (B) Extracted kinetic trace for the CdZnTe single crystal after Ar etching in the XPS
chamber. The XPS data for effect of etching is shown below, illustrating the disappearance of adsorbed
oxygen. (C) Extracted kinetic trace for the CdTe single crystal after Ar etching in the XPS chamber. The
XPS data for effect of etching is shown below, illustrating the disappearance of Te-oxide peaks. (D)
Extracted kinetic trace from the etched Si (100) surface after HF treatment (top). Comparison of XPS
spectra for treated and untreated Si sample, showing the disappearance of Si-Oxide peak upon etching. See
main text for more information.

Band Bending Effect

From the XPS data presented earlier for several materials, the investigated surfaces herein are
already oxidized physically and chemically by oxygen and carbon substances. Upon band-gap
excitation with 515 nm, electron-hole pairs will be formed at the oxidized material surface, in
which the electrons in the conduction band have higher probability to produce SEs, giving a bright
contrast around time zero at the 4D-SUEM images as shown in Figure 5. The presence of oxidized
species at surfaces will apparently cause two effects: (1) form trapping-surface states, which in
turn will induce formation band-bending at the materials’ surfaces, 338 see Scheme 2. (2) These
oxidized species act as electron’s sink, in which the photogenerated carriers (electrons) will be
quickly trapped, few ps, to those oxidized surface species. Thus, upon photoexcitation, fraction of
the surface electrons will be quickly trapped into the oxidized layers, which is shown in the case
of oxidized PbS at early time (see Figure 5A). The rest of the surface electrons, if present, will
migrate into the material bulk until thermal equilibrium is achieved forming a depletion layer at
the surface as shown in A. While the photogenerated holes will migrate, depending on the hole-
mobility, to the material surface under the same effect, causing to the appearance of dark images
for the oxidized layers and the appearance of slow growing negative components. Apparently, the
detection of the brightness at early times for oxidized materials depends on the level of the
oxidation and the rate for electron trapping for each particular material. Moreover, the detection
of the fast response from holes located near to the surface may no easy to detect due to the overlap

of the negative signal from holes with the positive signal from electrons near to the surface.

Upon cleaning or etching the semiconductor surfaces chemically or physically, all the detected

signals from 4D-SUEM at 1 keV converted into positive ones “bright contrast”, mainly due the



population of electrons at the material surfaces and the absence of trapping species.*® However,
slow growing positive components are also found on the cleaned surfaces. Knowing that cleaned
surfaces means that the surface atoms are under-coordinated condition and not under thermal
equilibrium as shown previously. 30 Thus, the migration of electrons populated form the bulk to
the surface can be understood upon the presence of accumulation layer at the surface, causing the
downward band-bending at the surface layers; see Scheme 2B. However, the slow rise measured
lifetimes especially for Si (100), CdTe (111) and CdZnTe (111) are longer than corresponding
ones before etching with lower amplitudes; see Figure 5. This can be understood through two
scenarios; the first is that electrons mobility is lower than hole mobility that is not likely, or that
the width of the accumulation layer is smaller compared to the depletion layer associated with
trapping species present before etching.®” Apparently, the width of accumulation layer is smaller
than corresponding depletion layers, leading to small potential difference upon cleaning, and
making the electrons mobility towards the surface have smaller mobility than holes; see Scheme
2. Thus, under the 1 keV working condition, the slow rise of detected SEs “dark or bright” could
be attributed to the diffusion of photogenerated charges “holes or electrons” produced by the
photon excitation from the bulk to the top few nanometers of the surface under the band-bending
effect created by either the formation of depletion or accumulation layers. Also, due to the absence
of electron trapping process at cleaned surfaces, it was also possible to detect the fast response of

electrons near to the surface at early time scale, few picoseconds.
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Scheme 2: Simple representation for the observed dynamics in semiconductors using low voltage of 1 keV
of 4D-SUEM, after light excitation, in the presence of oxidation layers (A), and after removing the oxidation
layers (B). More details are found in the text.

Conclusions

In summary, using 4D electron imaging at low applied voltages for various materials allows for
the detecting of: (1) The nature of surface state, whether oxidation layers are present or not. (2)
Migration of photogenerated charges from the bulk to the material surface. (3) Study the band-
bending effect along with the possible estimation for depletion or accumulation layers. Herein, we
visualized the charge carrier diffusion on the surface of solar cell absorber materials in real space
and real time. At high applied voltage of 30 keV, only surface charge-carrier dynamics can be
observed, as the charge carrier diffusion from the bulk to the top surface is suppressed due to strong
electron-electron inelastic scattering processes between the highly penetrated primary electrons
and the photogenerated charges located within the material bulk. On the other hand, the reduction
of the energy/speed of the primary electrons to 1.0 keV significantly minimizes the electron-

electron inelastic scattering processes at the bulk, thus making it possible to access and visualize



carrier diffusion from the bulk to the top surface of the photoactive materials. These new findings
provide the foundation for potential applications of 4D-SUEM to access the fundamental dynamic
processes at the nanometer scale on the surface of solar cell materials; such information cannot be

acquired by any other time-resolved technique.
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