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ABSTRACT: Studying the microscopic behavior of free carriers in materials Tz

at an ultrashort time scale is critical to developing semiconductor, se P Tip
optoelectronic, and other technologies satisfying the ever-increasing require- m )

ments for smaller sizes and higher speeds. Understanding the effect of local

Near field
potential modulations and localized states due to nanoscale microstructures ,

on carrier dynamics is essential to realize these requirements. Here, we used
time-resolved scanning tunneling microscopy/spectroscopy (STM/STS)
combined with a carrier-envelope phase (CEP)-controlled subcycle THz
electric field, THz-STM, to probe the ultrafast motion of electrons
photoinjected into C4, multilayer structures grown on Au substrate. We
have succeeded in demonstrating the time-resolved measurement of ultrafast
electron dynamics with sub-nanoscale spatial resolution and subcycle time
resolution for the first time and successfully visualized the electron motion triggered by the spatial variation in the lowest unoccupied
molecular orbital (LUMO). The difference in the effects of molecular defects, such as a molecular vacancy and orientational
disorder, was also clearly distinguished with single-molecular-level spatial resolution. This method is expected to play an important
role in the precise evaluation of local electronic structures and dynamics for the future development of new functional materials and
device elements.

Nanoscale snapshots of ultrafast electron motion

KEYWORDS: ultrafast electron dynamics, scanning tunneling microscopy, terahertz, organic film, Cg, time-resolved imaging

In the development of functional materials and devices, and charge transfer has not yet been realized using these
atomic-scale structures such as defects, steps, and impurities methods.
have large effects on carrier (electron and/or holes) dynamics In this study, we used THz-STM to probe the ultrafast

dynamics of free electrons photoinjected into a Cg, multilayer
film formed on a Au(111) substrate. Research on the ultrafast
dynamics of photoexcited carriers in a C4y multilayer film has
been actively pursued from the perspective of optoelectronic
device applications such as solar cells and field effect transistors
(FETs).” "' Since a Cg, thin film is formed by the weak van
der Waals interaction between molecules, as is common for
general organic thin films, charge transport occurs owing to the
hopping of electrons between molecular orbitals in neighbor

because of their local potential modulations and localized
electronic states." Therefore, understanding how nanoscale
structural disorders in materials affect the dynamics of free
carriers has been an essential issue, for example, in semi-
conductor physics, optoelectronics, and photochemistry. In
particular, visualization of phenomena such as ultrafast electron
motion in a nanoscale potential variation and the dynamics of
charge transfer between molecules with a high spatiotemporal

resolution has been challenging.” The methods of imparting sites. Consequently, a change in the molecular interaction
high time resolution to scanning tunneling microscopy (STM) owing to structural disorder will strongly affect the motion of
have high potential for such purposes. Among the microscopy electrons. Thus, the molecular-scale measurement of electron
techniques, optical pump—probe (OPP) STM, which dynamics will provide insight into the charge transport in

combines optical technologies and STM, is effective.’™ organic materials. By measuring the spatiotemporal variation of
Recently, terahertz (THz)-STM, a measuring method of
using a subcycle pulse electric field in the THz region as an Received: October 8, 2020 (Phdtonics

applied voltage, has been developed and has been attracting Published: January 8, 2021

attention.””® In OPP-STM, a high spatiotemporal resolution
was realized, which allows us to probe various physical

phenomena on their intrinsic time and space scales. However,
the visualization of the ultrafast dynamics of electron motion
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Figure 1. Measurement system and sample. (a) Schematic illustration of the measurement setup. (b) Waveform of incident electric field for AD¢gp
=0 and 7. (c) Waveform of near-field electric field for A®pp, = 0 and 7. (d) STM image of the sample. (e) Band diagram of the STM tunnel
junction at equilibrium (Epymo — Epau = 0.9 €V, Ega, — Enomo = 2.2 eV).

THz-induced tunnel current (Iry,), we have succeeded in
visualizing electron motion in real space for the first time at a
sub-nanoscale spatial resolution under the influence of the
nanoscale potential modulation.

B RESULTS AND DISCUSSION

Measurement Setup and Sample Preparation. Figure
1 shows a schematic of the measurement setup (see Materials
and Methods and Figure S1 for details). In THz-STM, an IR
pulse (1035 nm, 309 fs width) was used as the pump to excite
the sample, and a carrier envelope phase (CEP)-controlled
single-cycle THz pulse was used as the probe. Figure 1b shows
the incident THz electric field waveform measured by electro-
optical (EO) sampling, and Figure 1c shows the THz near-field
waveform at the probe tip measured by the photoemission
technique (see Figure S2 for details). The CEP can be
controlled between 0 and 7 using a THz-CEP shifter (see
Figure S1).*'*'* The voltage Vig,pe produced at the
maximum point of the THz near field used here was 1.5 V
(see Figure S3). Figure 1d shows a typical STM image of the
sample. Figure le shows the band diagram of the tunnel
junction at the equilibrium condition. The energy position of
the lowest unoccupied molecular orbital (LUMO) of Cg,
(ELumo) is 0.9 eV above the Fermi energy of Au(111)
(Epay), and that of the highest occupied molecular orbital
(HOMO) of Cgy (Egomo) is 2.2 eV below Eg .

Relationship between THz Current and Electron
Dynamics. When an infrared (IR) pump pulse is irradiated
to the C4, multilayer film sample, hot electrons excited in the
Au(111) surface are injected into the C¢y LUMO, as shown in
Figure 2a (II). The accumulation of electrons in the sample’s
outermost surface reduces and flattens the tip-induced band
bending (TIBB), similarly to the surface photovoltage (SPV)
mechanism.'*"* After that, the LUMO electrons return to their
original state by diffusion to the Au(111) substrate, during
which the electrons move around and their distribution in the
LUMO simultaneously changes, but some electron tunneling
to the tip side is detected by THz-STM, enabling us to observe
the dynamics induced by IR laser pulse irradiation.
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Figure 2. IR-laser-pulse-induced change in the tunneling junction. (a)
Change in the band diagram of a tunnel junction with IR pulse
irradiation. (b) I-V curves with (red) and without (blue) IR
irradiation. The THz pulse was blocked and the IR pulse irradiation
was turned on and off during the measurement (set point V¢ = +2.0
V, I, = 10 pA). Vp represents the DC bias voltage applied to the
sample. Iyono and Iy are the tunnel currents from the HOMO
and LUMO states, respectively. At a high negative bias voltage (V <
Viomo) where Ijomo appears, the tunnel current becomes the sum of
I umo and Iyopmo- (€) Vpc dependence of the photocurrent obtained
by subtracting the I-V curve in the IR-off state from that in the IR-on
state.

To see the above-described process, we first compared the
tunnel current-bias voltage (I—V) curves measured with and
without IR pulse excitation (Figure 2b). Here, only DC bias
voltage Vpc was applied. The THz pulse was blocked and the
IR pulse irradiation was turned on and off during the
measurement. In the laser-off (IR-off) state, tunneling from
the HOMO (= Iijomo) to the tip determines the shape of the
I-V curve for a negative bias voltage, including TIBB, as
shown in Figure 2a (I). On the other hand, in the laser-on (IR-
on) state, in addition to Iy, which is shifted by SPV as
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Figure 3. Analysis of the THz-STM signal. (a) Delay time dependence of THz current after IR-pulse excitation (A®@cgp = 0, Vpe = =3.0V, I, = 10
pA, IR: 20 mW). (b) An enlargement of the initial change in (a). The blue and black curves show a Gaussian pulse with a width of 309 fs showing
the IR pulse and the THz waveform, respectively. (c) Schematic model showing the relationship between the waveform of the bias voltage Vi, (t)
applied to the STM tunnel junction by the THz pulse (A®pp = 0) and the shape of the THz-induced current Iy,(t) obtained for the I-V curves
of the IR-on (red) and IR-off (blue) states, which correspond to those in Figure 2b, at delay time ¢ = t;. (d) Band diagram of tunnel junction at
tunnel voltage of Vg = —3.0 V. (e) Delay time dependence of Iy, —z curve (A®cgp = 0, Ve = —3.0 V, I, = 10 pA, IR: 20 mW). (f) Iy,—z curves
obtained at 0 and 3 ps and exponential fitting. (g) Ipc—z curve measured under the same conditions as in (f).

shown in Figure 2a (III), an increase due to the electron
tunneling from the LUMO (= I yp0) is expected. In fact, the
photocurrent from the sample to the tip was observed from a
voltage much lower than the energy position of the HOMO
(Viomo), as shown in Figure 2b, which is considered to reflect
the electron tunneling from the LUMO to the probe tip.

Figure 2c shows the bias voltage dependence of the
photocurrent obtained by subtracting the I-V curve of the
IR-off state from that of the IR-on state. I} o is expected to
increase with the bias voltage due to the reduction of the
effective tunnel barrier height shown in Figure 2a (III).
However, experimentally, saturation of the photocurrent was
observed for a negative bias voltage higher than V,,, as shown
in Figure 2c. This is because the number of electrons excited
into the LUMO by each IR pulse was finite, which is
considered to limit the number of electrons tunneling from the
LUMO to the probe tip during the measurement time.

Next, we carried out IR-pump and THz-probe measure-
ments to observe the photoinjected electron dynamics in the
Cgo multilayer. A THz pulse was applied in addition to Vp,
modulating the bias voltage. We used the lock-in measurement
method by chopping the THz laser pulses at a frequency of
415 Hz. Figure 3a shows a typical time-dependent THz-STM
signal Iry,(ty) after IR excitation. We observed an abrupt
increase in Ipy,(ty) at t; = 0, followed by exponential decay
with time (t; > 0), thus showing the time-resolved signal.

Regarding the fast component, Figure 3b shows a magnified
view of the region near 0 ps in Figure 3a, where the IR pulse
(309 fs pulse width) and THz pulse are shown superimposed
on the initial peak. The apparent signal shows the decay at the
similar width as that of the THz pulse. The result shows that
there exists a signal faster than the change in the temporal
resolution of the system. Namely, this signal was widened
during the measurement owing to the convolution with IR and
THz pulses. Therefore, the original signal is considered to have
a shorter lifetime. In fact, the dip present around ¢4 = —0.8 ps is
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considered to indicate that the THz pulse waveform was
probed by this fast signal, which is similar to the process
performed in the previous study using the fast relaxing
electrons in Bi,Se;.” The time scale of the fast decay is
comparable to the cooling time of hot electrons photoexcited
in a metal tip (about 100 fs)'® and those excited into higher
LUMO levels in a molecular multilayer (about 50 fs).” Since
time-resolved measurements usin$ a shorter pulse system are
necessary to obtain more details,'’~'* we leave this issue for
future investigation and do not pursue this phenomenon in
detail in this paper.

In THz-STM, instead of a rectangular pulse voltage, a time-
dependent voltage Viy,(t) whose waveform corresponds to
that of the THz electric field is applied. Therefore, Ipy,(t;) is
defined here as

ta+1/f,,
Irg,(Voes td) =frep _/t
d

— I(Vp)ldt

[I{Vpc + Vi, (1)}

(1)

where f ., is the repetition frequency of the IR and THz lasers.
Because Iy, (t) depends on the nonlinearity of the I-V curve,
Iy, (t) also depends on V.. We used the schematic model
shown in Figure 3c where two I-V curves corresponding to
those in Figure 2b are drawn for the analysis. The relationship
between the waveform of the bias voltage Vi, (t) applied to
the STM tunnel junction by the THz pulse and the shape of
the THz-induced current Iyy,(t) obtained for the I-V curves
of the IR-on (red) and IR-off (blue) states at the delay time ¢ =
tq is shown. A negative Vpc was applied to the sample to inject
electrons from the Au substrate into the LUMO of the sample
by IR irradiation. When we applied a THz pulse, the transient
voltage Vrp,(t) produced by the THz electric field modulated
the tunnel bias voltage Vp, producing the transient THz
current Iry,(t) at each delay time f, as shown in Figure 3a.
Since it has become possible to experimentally obtain the near-
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field waveform immediately below the probe tip,” such analysis
has become possible.

For @ = 0 (Vry, > 0), as Vi, peq increases, the tunneling
probability decreases, reducing the tunnel current. However, if
the temporal change in electron density in LUMO is slower
than that of the THz pulse, that is, if the electron density is
assumed to be constant during the period when the THz field
is changing, Iry,(t;) obtained using eq 1 is considered to be
almost proportional to the electron density for ¢ = fg4.
Therefore, THz-STM can be effectively used when ® = 0,
and the effects of electron extraction and the tunnel current
from HOMO are not apparent. For ® = 7 (Vqy, < 0),
however, if the number of electrons is limited, as in the sample
used in this experiment, the effect of electron extraction may
appear as shown in Figure 2¢, which complicates the analysis of
Ity (ts). Leaving detailed analysis for future work, all the
following experiments were performed with the THz pulse of
D =0.

Next, we performed Iry,—z measurement to investigate the
dominant tunnel channel (Igomo or Iiumo) in Ity Tnomo of
I umo can be distinguished by Iry,—z measurement because
Iiomo and Ipyyo have their own effective vacuum barrier
heights, as shown in Figure 3d. Their apparent barrier heights
@ can be obtained from the decay constant k of the tunnel
current expressed as

I(z) & exp(—2kz) k= .2mp/h (2)

where m is the electron mass and 7 is the Dirac constant.
Figure 3e shows the delay time dependence of the Ipy,—z
curve, and Figure 3f shows the Iry,—z curves obtained for t4 =
0 and 3 ps. The values of ® obtained by exponential fitting
were 2.06 eV at t; = 0 ps and 1.99 eV at f4 = 3 ps. The barrier
height measured from the I,c—z curve shown in Figure 3g was
5.48 eV.

The work function of the W tip, @y, and that of the
Au(111) substrate, @, are 4.5 and 4.74 eV, respectively.
Since the LUMO and HOMO levels are 0.9 and —2.2 eV with
respect to the Au Fermi surface,”’ @0 and ®poyo in
Figure 3d become 3.64 and 6.94 eV, respectively. Since Vi, =
—3.0 V in the experiment, the barrier height for Iyopo
becomes 5.32 eV. This is in good agreement with the value
obtained from the Ipc—z curve shown in Figure 3g. Similarly,
the barrier for the electrons in I o was obtained to be 2.22
eV, which is also in good agreement with the value obtained
from the Ipy,—z curve shown in Figure 3f. The results
demonstrate the dominant contribution of Ij o to Ity, as
expected. The fast component in Figure 3a is not observed
here. Since the modulation by Vi, is not included in the
above consideration, this is not a strict treatment, but it is
considered sufficiently rigorous for a qualitative evaluation. If
the signal was stronger and the measurement with a longer
delay time than those in Figure 3f was possible, TIBB would
have been reproduced.

In the actual measurement, the electron extraction may
affect the decay process. Therefore, we investigated the set
point current dependence of the time-resolved spectrum
(Figure 4a), and the result is summarized in Figure 4b.
When the set point current was increased by one order and the
tip was moved closer, the lifetime was reduced by about 10%.
Although an effect of the set point current dependence existed,
it can be reduced by selecting appropriate measurement
conditions. When the set current I, was decreased to 2 pA, the
fast component disappeared. This is considered to correspond
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Figure 4. Effect of electron extraction. (a) Delay time dependence of
the THz current at different set point currents Inc (ADcgp = 0, Ve =
—3.0 V, IR: 20 mW). (b) Set point current dependence of the lifetime
shown in (a).

to the observation that no fast component appeared in Figure
3f. These results suggest that the probability of tunneling the
fast component in the short time may not be sufficient at this
distance. The discussion on this issue is beyond the scope of
this paper, a more detailed analysis is left for future work.

We carried out the experiments under the conditions
discussed here. Thus, the signal observed for t; > 0 in Figure
3a represents the photoinjected electron population in the
LUMO state below the STM tip. An electron lifetime of 6.4 ps
was obtained by fitting using an exponential function.
Compared with the interlayer hopping rate (3 X 10" s7')
obtained using time-resolved two-photon photoemission,”" our
measured electron lifetime is long. This difference is
considered to be caused by the negative sample bias voltage
applied in the experiments, as shown by the band diagram in
Figure 2a.

Imaging Electron Motion with Sub-nanoscale Reso-
lution. Next, we measured the spatial variation of Iy,(t;) to
analyze the motion of electrons injected into the LUMO,
which is the first ever visualization of the spatial motion of
electrons with sub-nanoscale resolution. Figure Sa shows an
STM image of the Cg multilayer structure in a region
including steps and terraces, and Figure Sb shows the time-
resolved spectra obtained at different points in the STM image.
The spectra were simply fitted with the sum of three
components,

I(t;) = —Aexp(—ty/7,) + Bexp(—ty/75) + C 3)

where 7, 74 t; and C represent the lifetimes of the initial
increase and the subsequent decay components, the delay time,
and a constant term due to a lifetime longer than the system
limitation, respectively. As shown by the solid black lines on
the spectra, the agreement was good, and the values of 7, and
74 are shown to the right of the figure. 7, is considered to
represent a process in which electrons accumulate immediately
below the probe tip after electron injection, and 74 represents a
process in which electrons return to the Au substrate.
The features of the signals are as follows.

1. The top layer (A to C) has no initially rising component.

2. From the second layer, the lifetime of the initial increase
in 7, (0.3 to 1.5 ps) is nonzero except at the upper step
edge (D).

3. The lifetime of the decay 74 has a relatively large value
near the vacancy defect indicated by the arrow and
around the down step edge.
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Figure 5. Time-resolved analysis of electron motion for steps and a vacancy defect. (a) STM image of the Cq, multilayer structure in a region
including steps and a vacancy defect, indicated by the arrow. (b) Time-resolved spectra obtained at A to I in (a). Iry, represents the THz-induced
current. See Materials and Methods for details of the fitting. (c) Snapshots obtained over the area shown in (a). (d) Snapshots obtained over a

wider area including steps. (Vpc, I,) = (—2.0 V, 10 pA).

4. From the second layer, except at the upper step edge
(D) and around the white cluster in the middle right (I),
the constant term C in eq 3 (a long-lifetime component
considered to be in the sub-ns to ns range) is nonzero.
Although our system cannot measure this long lifetime
because of the limited length of the optical delay line
(<~300 ps), the condition returned to the initial state
when the next IR pulse was irradiated.

To visualize the electron dynamics in more detail, 2D
imaging of the THz current was performed, as shown in Figure
Sc. The snapshots were obtained by repeatedly scanning over
the same area while changing the delay time from —4 to 49 ps.
At —4 ps, the THz current was almost zero, indicating that the
THz current was observed only under excitation by the IR
pulse. At 2 ps after IR pulse irradiation, the electron density
was widely distributed except around the white cluster on the
right-side step. The electron density rapidly decreased in the
top layer, whereas electrons accumulated near the down step
area and around the defect indicated by the arrow and
remained even after 49 ps. By assembling these Ipy, images
taken at different delay times, we made a movie that directly
shows the nanoscale motion of electrons in the ps time scale
(see Supplementary Movie S1). The characteristics of each
spectrum were clearly observed. The electron dynamics around
a step are shown more clearly in Figure 5d, which was obtained
by a wider-area scan.

Regarding the component that rises at the initial stage, the
lifetime was obtained by fitting the spectra in Figure Sb (E—I).
Although the lifetime of 0.3 ps is comparable to the resolution
of the system, a signal exists because its shape is different from
those of the spectra A to D in Figure Sb. Since the horizontal
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diffusion was fast and the distribution of injected electrons was
already formed at ty = 1 ps, the initial horizontal change in the
red area with high electron density is not very clear in the
snapshots. However, a gradual decrease in the high-density
area can be seen in the images in Figures Sa and 5b, showing
the existence of the horizontal diffusion that is faster than the
vertical diffusion (see Figure S4 for more details).

To consider the mechanisms behind the dynamics observed
here, the potential variations around two structures were
examined. Figure 6 shows STM images obtained at locations
including steps (Figure 6a) and a vacancy (Figure 6b) and the
I-V curves™ measured at different points in the images
(Figures 6¢ and 6d, respectively). The spatial variations of the
HOMO level (E;) and LUMO level (E;) around the two
structures were estimated from the rising parts of the I-V
curves and are plotted in Figures 6e and 6f, respectively. First,
for the step structure shown in Figure 6a, the apparent energy
gap between the HOMO and the LUMO (Ey = IEy — El)
gradually decreases from an upper step edge (0) to the down
step edge of the neighboring upper layer (4), widens at the
upper step edge (5), and then the same change occurs toward
the down step edge of the next upper layer. These results show
that the band-structure change at the step edge is not a simple
dipole-like one across the step,”* and other mechanisms are
considered to be involved. At the upper step edge, C4y has a
smaller number of neighboring molecules than Cg, at the
terrace. Therefore, at the upper step edge, the broadening of
the molecular state owing to their overlaps with neighboring
molecules becomes less effective. Also, the screening of mobile
carriers is weakened, that is, the value of the Hubbard on-site
energy increases.”* Both phenomena increase the HOMO—
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Figure 6. Analysis of the band structures of steps, a vacancy defect,
and a bright defect. (a,b) STM images obtained over steps and a
vacancy defect, respectively (2.0 V, 20 pA for c and 2.0 V, 10 pA for
others). The inset of (b) is an STM image obtained for a negative bias
voltage (—2.5V, 10 pA). A 2 X 2 unit cell is drawn in (b). (¢,d) I-V
curves obtained above the points shown in (a) and (b), respectively.
Here, variable-pacing STS** was used to measure the energy level
distribution with high accuracy. The black line in each graph shows
the change in the tip—sample distance during the I-V curve
measurement. (e,f) Ey and E; obtained from the rising parts of the
I-V curves shown in (c) and (d), respectively. When the number of
layers increases, larger Ey and E are observed owing to TIBB; thus,
the actual change may be smaller.

LUMO gap at the upper step edge. In addition, Ey; increases
with increasing number of layers because the voltage drop in
the Cg, layer owing to TIBB increases with increasing number
of layers. The observed gradual change might have been caused
by the slight relaxation of the lattice near the step edge. This
variation is considered to have a strong effect on electron
motion in materials, as clearly shown in Figures Sc and 5d (see
Figure S3 for a larger-area image). For the vacancy (Figures 6b,
6d, and 6f), Eyy apparently decreased owing to the formation
of an in-gap state, the effect of which was observed over a
distance of two molecules from the defect.

Figure 7 shows 2D snapshots measured around another
defect. In the bottom topographic STM image in Figure 7(a),
the C4y molecule indicated by the white arrow appears slightly
brighter than the other molecules and is considered to have a
different molecular angle from those the other equivalent Cg,
molecules in the (2 X 2) lattice.”® As shown in the snapshot
images in Figure 7(a), electrons were trapped only in the single
bright Cg, at 53 ps, clearly indicating that the molecule acts as
a trap site for electrons. The rapid decrease in electron density
in the bottom left area is considered to have been caused by
the step existing in the area. Similar to the case shown in
Figure 6, we carried out I—V measurement around the bright
defect (Figure 7b), and the results are shown in Figures 7c and
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7d. For the bright molecule, Ey; similarly decreased owing to
the formation of a shallow defect state,”> but the change
occurred within the range of a single molecule.

Finally, we review and discuss the time-resolved THz-STM
data in detail. Figure 8 shows a schematic illustration of the
ultrafast electron motion in the C4, multilayer sample. After
electron injection, electrons at the upper step edge move
toward the down step edge owing to the higher E; at the upper
step edge, as shown in Figure Ge. At the same time, some
electrons are trapped into defect-induced gap states.

As mentioned above, the effect of Vp slows down the
relaxation of electrons to the Au substrate. Even under such
conditions, the relaxation of electrons at the upper step edge
was very fast (several ps), so it is considered that the electrons
at the upper step edge move to the terrace, the lower step edge,
and so forth, before relaxing to the Au substrate. An increase in
electron density was observed on the terrace in the first 1 ps,
suggesting carrier accumulation due to horizontal diffusion.
These results correspond well to the spatial changes in band
structure. Since the horizontal diffusion was fast and the
distribution of injected electrons was already formed at t4 = 1
ps, the initial horizontal change in the red area with high
electron density is not very clear in the snapshots. Finer
adjustment of conditions, such as electronic excitation density
and electron extraction is necessary, and we would like to make
this a future work. However, a gradual decrease in the high-
density area can be seen in the images in Figures S and 7,
showing the existence of the horizontal diffusion that is faster
than the vertical diffusion, as described above (see Figure S4
for more details).

As shown in Figure S, although the spectrum changed
slightly with the location, single exponential decay was
observed in the spectra obtained from the top layer. The
decay was fastest at step edges (C) and (D), where E; was
high, as shown in Figure Ge. It is also noted that the lifetime
was long at point (A) owing to the influence of the vacancy
defect indicated by the arrow. Regarding the change in the
second layer from the top, an increase in electron density was
observed, except at (D), on a short time scale of sub-ps to ps
(7,) and is considered to be caused by the redistribution of
electrons to smooth the in-plane potential. Then decay (z4)
occurred on the same time scale, as was observed for the top
layer. It can be seen that the lifetime was slightly longer at (E),
(F), and (G) below the step (down step edge) on the second
layer and that the accumulation of electrons occurred around
the down step edges in both the second and third layers. The
injected electrons were trapped at the down step edges and
defects, and they eventually diffused to the Au(111) surface
and returned to their original state.

From Figure Ge, the change in the potential at the step edge
is about 40—70 meV for a distance of 2 nm, which gives us a
rough estimate of about 20—35 mV/nm for the electric field.
On the other hand, from spectra (C) and (D) in Figure 4b, the
time required for electrons to spread away from the step edge
is about 4—5 ps. By assuming these values, the mobility is
roughly estimated to be 0.2—0.5 cm?/(V s), which is higher
than the macroscopically obtained value (below 0.1 cm?/(V s)
at 100 K***7). This discrepancy could be due to our
measurements being carried out in a local region without
any structural disorder. Taking into account the temperature
dependence and the electric field dependence allows a more
detailed consideration, but this is not carried out here. For
both the vacancy and the bright defect, electrons were
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Figure 8. Model for the observed electron motion. Schematic
illustration showing the ultrafast electron motion in the Cg, multilayer
sample influenced by the local modulation of the band structure and
the in-gap state around surface steps and defects.

observed to be trapped for a long time. The spread sizes of
electrons in the vacancy and the bright defects were ~2 and 1
nm, as indicated by the arrows in the snapshots shown in
Figures Sc and 7a, respectively. The results were in good
agreement with the spread of the electronic states owing to
defects shown in Figures 6f and 7b, respectively.

In conclusion, we used THz-STM to probe the ultrafast
dynamics of free electrons optically excited into the LUMO of
a Cg multilayer formed on a Au substrate. Iy, was utilized to
probe the change in the population of free electrons under the
STM tip with sub-ps time resolution. By assembling Iry,
images taken at different delay times using the pump—probe
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technique, we made a movie that shows the ultrafast
movement of free electrons with nanoscale spatial resolution.
Significant influences of atomic-scale surface structures with
modulated local potentials on the nanoscale electron dynamics
in the organic thin film were clearly demonstrated.

This method is expected to play an important role in the
precise evaluation of local electronic structures and dynamics
to develop new functional materials and device elements.

B MATERIALS AND METHODS

THz-STM System. A coherent Monaco femtosecond laser
(1035 nm, 40 W, 309 fs, 1-S0 MHz) was used as a light
source, and most of the output (39 W) was used for THz pulse
generation with a LiNbO; crystal.”® Here, high-repetition-rate
and high-intensity THz pulses were generated to realize
measurement with an improved S/N ratio. A repetition
frequency of 16.7 (50/3) MHz (the maximum for our present
setup) and a peak electric field of 250 V/cm were used, which
was a sufficient electric field for driving the tunnel current. By
assuming the tip—sample distance to be 1 nm and calculating
the ratio of the peak voltages shown in Figures 1b and lc, the
tip enhancement factor was estimated to be 60 000, which is
similar to a previously reported value.**’

Sample Preparation. A C, multilayer film was formed by
vacuum deposition at room temperature using a clean Au(111)
surface as a substrate. The average film thickness was four
monolayers (MLs). A close-packed Cg, multilayer structure
was grown. Up to the third layer from the substrate, the
electronic structure exhibited coupling with the Au substrate,
but from the fourth layer, it had an electronic state peculiar to a
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Cgo molecule disconnected from the substrate, as reported in a
previous paper.30

The lowest unoccupied molecular orbital (LUMO) of the
first layer Cqy was located about 0.9 eV higher than the Fermi
level of the Au(111), and the highest occupied molecular
orbital (HOMO)—LUMO gap of Cg, was about 3.1 eV.** On
the other hand, the energy of the photons of the IR pulse used
was 1.2 eV. Therefore, no carrier (electron—hole pair)
generation occurred inside Cg. To detect the weak THz
current superimposed on the DC tunnel current, the THz
pulse train was chopped at 415 Hz and the difference signal
was detected by a lock-in amplifier. The entire experiment was
performed in a vacuum (1 X 1077 Pa) at ~100 K using a liquid
nitrogen cryostat.

Two-Dimensional Imaging. Measurements were carried
out 100 times at a rate of 1.3 s/scan over 200 X 100 points,
resulting in a total measurement time of 2 min to obtain an
image. Although some fluctuation in each measurement was
inevitable, the same process was expected to be repeatable, and
snapshots of the dynamics were satisfactorily obtained.
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