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Smaller and faster are key concepts underlying the progress of current nanoscience and nanotechnology. The development
of a method of exploring the transient carrier dynamics in organized nanostructures with pinpoint accuracy is therefore
highly desirable. Here, we present a new microscopy that enables real-space measurement of the spatial variation of
ultrafast dynamics. It is a pulse-laser-combined scanning tunnelling microscopy with a novel delay-time modulation method
based on a pulse-picking technique. A non-equilibrium carrier distribution is generated with ultrashort laser pulses, and its
relaxation processes are observed by scanning tunnelling microscopy using a pump–probe technique. We have directly
analysed the recombination of excited carriers via the gap states associated with a cobalt nanoparticle/GaAs structure in
real space. Through the site dependence of the decay time on the tunnelling current injection from the scanning tunnelling
microscopy tip, the hole capture rate at the gap states has been imaged on the nanoscale for the first time.

T
he understanding and control of quantum dynamics, such as
carrier transitions and transport in nanoscale structures, are
key factors for continuing the advancement of nanoscale

science and technology. However, with the miniaturization of func-
tional devices consisting of composite materials, carrier dynamics,
which has been analysed by techniques providing spatially and/or
temporally averaged information, does not provide a sufficient
description for the analysis and design of macroscopic functions.
For example, atomic-scale defects have significantly changed the
entire approach. Defects, which were once considered a problem
to be avoided, are now actively designed and controlled to realize
desired functions1. Fluctuation in the distribution of dopant
materials in nanostructural components governs the characteristic
properties of the macroscopic functions of the total system.
Therefore, evaluation of the transient carrier dynamics on the
nanoscale is of great importance.

The recent development of ultrashort-pulse laser technology has
enabled the observation of ultrafast dynamics in the femtosecond
range. A prominent method used for this is optical pump–probe
reflectivity (OPPR) measurement2,3. Its spatial resolution,
however, is generally limited by wavelength, and information is
inevitably averaged over the nanoscale components, despite their
careful organization to produce desired functions. In contrast, the
real-space observation of atomic-scale structures by scanning tun-
nelling microscopy (STM) has addressed various longstanding pro-
blems and is extending the frontiers of science and technology4–9.
However, because the temporal resolution of STM is limited to
less than 100 kHz because of the circuit bandwidth, the target
carrier dynamics has been beyond its field of vision. Since the inven-
tion of STM, one of the most challenging goals has been to combine
it with ultrashort-pulse laser technology.

In their pioneering work, Hamers and colleagues determined the
recombination lifetime of photoexcited carriers in silicon by analys-
ing the observed surface photovoltage (SPV) by simulation10. Other
methods that involve the combined use of an optical pulse pair and
STM have also been proposed11–18. However, the spatial and tem-
poral resolutions of the former method were limited to the 1 mm
scale and the laser-pulse repetition rate, respectively, and the latter
methods probe, for example, spatial variation in dI/dV rather

than the transient dynamics itself18. With shaken-pulse-pair-
excited STM (SPPX-STM)19,20, which was designed to detect the
weak tunnelling current of a transient signal under optical exci-
tation, the time-resolved tunnelling current in the subpicosecond
range was successfully probed. However, its temporal range was
very narrow and it is still difficult to reliably measure a very weak
time-resolved STM signal in a short period of time, preventing
SPPX-STM from revealing transient carrier dynamics in nanostruc-
tures consisting of composite materials with a wide variety of life-
times, as the long measurement time interferes with the imaging
of dynamics.

Here, we demonstrate a new methodology, that simultaneously
realizes STM spatial resolution together with the temporal resol-
ution of the optical pump–probe technique, enabling the visualiza-
tion of transient carrier dynamics in nanometre-scale structures
with a wide variety of lifetimes. As an example, through the site
dependence of the decay time on the tunnelling current injection
from the STM tip, the first direct analysis of the hole capture rate
via a gap state in a cobalt nanoparticle/GaAs structure is shown.
Pinpoint probing and real-space imaging of a meaningful physical
quantity in nanometre-scale structures have been realized.

Results
Nanoscale pump–probe microscopy and its fundamentals.
Figure 1 shows a schematic of the microscopy technique and its
basic probing mechanism. The surface of a sample beneath an
STM tip is illuminated with a sequence of paired laser pulses with
a certain delay time td , and the (temporally averaged) tunnelling
current I is measured as a function of td (Fig. 1a). The optical
pulses create an excited state in the sample, resulting in a rapid
change in a physical quantity n such as the photocarrier density
in a semiconductor (Fig. 1c), which often gives rise to changes in
the raw tunnelling current I* (Fig. 1d), reflecting the excitation
and relaxation of the sample. When td is sufficiently long, paired
optical pulses with the same intensity independently induce two
excitation pulses with the same height in n (Fig. 1c,i). In contrast,
when td is short and the second pulse illuminates the sample in
an excited state caused by the first optical pulse, the second
excitation in n may have a different intensity, depending on td
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(Fig. 1c,ii,iii). Although the lifetime of the excited state is, in general,
different from the decay time of I*, the change in n strongly affects
the second pulse in I*. Thus, the change in I*, and thereby the signal
I, also depends on td , because the height difference in the second
current pulse in I* changes the temporally averaged value of the
tunnelling current (Fig. 1e). Accordingly, the relaxation dynamics
of the excited state in the target material, namely the change in a
physical quantity after excitation by the first optical pulse, can be
probed by STM at the pulse-width resolution (that is, in the
femtosecond range). In principle, we can obtain the temporal
resolution of OPPR together with the spatial resolution of STM.

To realize the desired microscopy, we developed a method for the
large and discrete modulation of delay time using a pulse-picking
technique (Fig. 1b, see Methods). With the digital modulation of
td between td

1 and td
2, the in-phase component obtained by lock-in

detection of the tunnelling current gives DI(td
1,td

2); I(td
1)2I(td

2). As
td
2 is set to a value larger than the relaxation time of the probed
dynamics, DI(td

1,td
2) can be approximated as DI(td

1); I(td
1)2I(1),

where I(1) is the tunnelling current for a delay time that is suffi-
ciently long for the excited state to be relaxed. Because a large
delay time to satisfy this condition (td

2
¼1) can be realized with

the new microscopic technique, DI(td
1) is accurately obtained

through the lock-in detection of I by sweeping td
1. In addition,

because the modulation can be performed at a high frequency
(1 kHz in our case), the measurement is hardly affected by low-fre-
quency fluctuations in the laser intensity and tunnelling current.
Accordingly, this method improves the signal-to-noise ratio (SNR)
by a factor of 100 for our system compared with the method of
mechanical modulation using mirrors, and therefore enables the
spatial mapping of time-resolved signals, which has long
been desirable.

SPPX signal from semiconductor. Figure 2 presents sample spectra
obtained using this microscopic technique. For the first time, the
measurement of carrier dynamics over a wide range of timescales
has been achieved using a single microscope. A low-temperature-
grown GaAs (LT-GaAs) region formed on a GaAs substrate

exhibits an ultrafast decay component tb with a time constant of
2.4 ps, and the GaAs substrate region exhibits a time constant of
4.8 ns. These values are consistent with the recombination
lifetimes determined from OPPR measurements, namely 1.5 ps
and 3.3 ns for the LT-GaAs and GaAs samples, respectively. Such
agreement has been confirmed for various semiconductors with a
wide range of lifetimes (Supplementary Fig. S1).

When the delay time is changed over a wider range of timescales,
DI(td) exhibits a slower component with a time constant of≏100 ns
for both the GaAs and LT-GaAs regions, as shown in the typical
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Figure 1 | Schematics of the microscopy system and its probe mechanism. a,b, Optical pulses from the two synchronized lasers are selectively transmitted

using pulse pickers and coaxially aligned to produce a sequence of paired pulses with a certain delay time td. Pulse pairs were focused to less than 10mm,

and the tunnelling current was measured. c, Relationship between photoexcitation and delay time td. d, Change in transient tunnelling current induced by the

excitation in c. e, Measured tunnelling current I(td), where delay times in (i), (ii) and (iii) correspond to those in (i), (ii) and (iii) in c and d.
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Figure 2 | Carrier dynamics over a wide range of timescales measured

using the developed microscopy. a–d, DI(td) versus td curves obtained for

LT-GaAs (a), GaNAs (b), undoped GaAs (c) and hydrogen-terminated

Si(111) (n-type, 0.5V.cm) (d). The decay constants derived by fitting are

2.4 ps (a), 440 ps (b), 4.8 ns (c) and 0.87ms (d). See ‘Fitting Procedures’ in

Supplementary Information for more details.
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spectrum obtained for GaAs in Fig. 3a. Although the decay process
for a semiconductor is complex, a possible mechanism can be
described as follows (see ‘Mechanism’ in Supplementary
Information). In STM of a semiconductor, a nanoscale metal–insu-
lator–semiconductor (MIS) junction is formed by the STM tip, tun-
nelling gap and sample. Thus, when a reverse bias voltage is applied
to the junction, tip-induced band bending (TIBB) occurs in the
surface region owing to leakage of the electric field into the
sample9,18,21. Upon optical illumination, the redistribution of photo-
carriers reduces the electric field and changes the surface potential
(SPV), thus increasing the effective bias voltage applied to the
tunnel junction. Consequently, the illumination increases the raw
tunnelling current I*. The excited state subsequently relaxes to the
original state through two processes. One is the decay of photocar-
riers on the bulk side (bulk-side decay) by means of recombination,
drift and diffusion. The other is the decay of carriers trapped at the
surface (surface-side decay) through recombination and thermionic
emission. Because of the lack of counterpart carriers near the
surface, the surface-side decay constant is larger than the bulk-
side decay constant.

The bulk-side decay is probed through the mechanism of absorp-
tion bleaching, which is a typical mechanism observed in OPPR
measurement. The carriers excited by the first optical pulse
remain in the excited state, but the absorption of the second
optical pulse is suppressed. The total number of carriers excited
by the two optical pulses changes with td , resulting in the total tun-
nelling current depending on td. On the other hand, the surface-side
decay is probed through the mechanism related to SPV. If surface
carriers remain when the second optical pulse arrives, the electric
field in the surface region remains low. Therefore, the excited photo-
carriers are less efficiently trapped at the surface, leading to a
decrease in SPV caused by the second optical pulse, and therefore
a reduction in the height of the second current pulse in I*.
Accordingly, DI(td) is a measure of surface-side carrier density at
the delay time td , as well as bulk-side carrier density.

The decay constants for both components are derived from the
fitting of DI(td) by a double exponential function; the small time
constant tb is attributed to bulk-side decay (Fig. 2 and

Supplementary Fig. S1), and the large time constant ts to surface-
side decay (Fig. 3a). We next show the results obtained for a
cobalt/GaAs system. This is the first demonstration that a meaning-
ful physical quantity can be directly derived from the analysis of ts
on the nanoscale, which also provides more specific evidence for
our mechanism.

Real-space probing of gap-state-enhanced carrier recombination.
If a gap state exists in a bandgap, minority carriers are captured at
the gap state with a high probability, and then rapidly recombine
with majority carriers. The modulation of carrier dynamics due to
gap states significantly affects the properties of a device, and
therefore a new method that enables the direct analysis of gap-
state-related processes at the nanoscale is strongly desired. As an
example, we demonstrate the direct analysis of the hole capture
rate through a cobalt-derived gap state.

Figure 4a shows an STM image of cobalt nanoparticles on an
n-type GaAs surface. Cobalt particles grow in the Volmer–Weber
mode22 on GaAs, and their size is controllable. Nanoparticles are
typically 2 nm in size (≏400 atoms), which is sufficiently large to
form a gap-state level23,24.

Figure 4b,c shows DI(td) curves measured at positions corre-
sponding to bare GaAs and cobalt, respectively. The peak ratio of
the bulk-side decay component to the surface-side decay com-
ponent varies with the excitation intensity; the bulk-side decay
decreases as the excitation intensity increases. Here, we adjusted
the excitation intensity to observe only surface-side decay. As
expected, the decay constant at cobalt, 42 ns, is shorter than that
at the bare GaAs surface, 223 ns.

Adepletion layer is formedbeneath the tip because of TIBB (Fig. 4d)
aswell as the bandbending induced by the gap states in the present case.
The holes (minority carriers) photogenerated in the depletion layer
drift to the surface and are rapidly captured at the gap states.
However, the electrons (majority carriers) are depleted near the
surface, and therefore no counterpart carriers exist that recombine
with the holes captured at the gap states. The carrier decay time is
nevertheless much shorter at the cobalt because the electrons are
injected from the STM tip to the cobalt site by means of tunnelling.

This is confirmed by the dependence of carrier decay time at
cobalt on tunnelling current (Fig. 4e). The decay time markedly
decreases as tunnelling current increases. In addition, the decay
time is almost constant (Tcap¼ 6.9 ns) above a threshold current
Ic (120 pA). From the analysis below, the hole capture probability
Ph was derived as Ph¼ 1/Tcap¼ 1.5× 108 (s21).

The hole capture rate Jh is written as Jh¼ PhNh , where Ph is the
probability per second that a hole in the depletion layer is captured
at a gap state, and Nh is the number of holes trapped at the surface
after photoexcitation. The recombination process is governed by the
tunnelling current directly injected into the gap state localized at the
cobalt site. The rate of injection electrons to a gap state Je is pro-
portional to the tunnelling current It: Je¼ It/e. Assuming that the
rate of carrier recombination at the gap state is high25, the recombi-
nation rate is equal to the lower of Jh and Je. Thus, the recombination
rate is Je-limited when It is low, but is Jh-limited and independent of
It when It is high. In the Jh-limited regime, Jh varies with Nh , and the
time evolution of Nh is written as

dNh

dt
= −Jh = −PhNh, Nh = Nh0 exp(−Pht)

Here, the hole decay rate is equal to Ph.
For Ic, It (Jh-limited regime), the gap state is filled with tunnel-

ling electrons, and even if Nh is large immediately after photoexcita-
tion, Jh, Je and the recombination rate is Ph , independent of It.
Accordingly, the hole capture rate Ph can be directly derived from
the decay time in this regime.
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For It, Ic , on the other hand,Nh is large and Jh. Je immediately
after photoexcitation, andNh initially decays linearly with time (A in
Fig. 4f ). Subsequently, when Nh becomes small and Jh, Je , Nh starts
to decay exponentially (B in Fig. 4f). The time evolution of Nh is
therefore represented as a black line in Fig. 4f. Because the SNR
was not sufficient to distinguish between linear and exponential
decay, the fit to the data was carried out with a single exponential
function. Therefore, the apparent decay time derived from the
fitting should be larger than Ph

21, which was indeed observed as
shown in Fig. 4e.

When It¼ Ic , Je is equal to Jh at the excitation time; this
relation gives the number of holes Nh0 photogenerated in the
depletion layer and trapped beneath the tip. From Fig. 4e, Ic¼
120 pA (Je¼ 7.5× 108 s21) and Nh0 is derived to be 5.0. This
value is comparable to the number of charges N0 estimated to
exist between a sphere of radius R and an infinite plane placed at
a distance of 1 nm from the sample; N0 is 15.5 for R¼ 10 nm and
40.7 for R¼ 20 nm.

Nextwe showprobing of hole capture rate in real space (Fig. 5). The
decay time is short directly above a cobalt nanoparticle and markedly
increases when the tip is placed at a subnanometre distance away from
it. This feature is consistent with the fact that the recombination is
markedly accelerated only when tunnelling electrons are injected
from the STM tip to the gap states formed by the cobalt nanoparticle.

Furthermore, the result shown in Fig. 5 confirms that the hole
capture rate for each cobalt nanoparticle is distinguishable when
the nanoparticles are at least 1 nm apart. Accordingly, we measured
Tcap for cobalt nanoparticles with different sizes (Fig. 5d). As the
cobalt base area (S) increases, the capture probability is expected
to increase and thus Tcap decreases, which corresponds well to the
obtained result shown in Fig. 5d.

Thus, the new microscopy method enables the measurement
of the carrier capture rate at a surface in real space. The solid

line in Fig. 5d is the fit to the data with the simplified function
Tcap≈ 1/S (ref. 26). The discrepancy in the fitting is considered to
be due to the use of a simplified model.
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Discussion
Here, we discuss the processes occurring in SPPX-STM measure-
ment in more detail. The faster of the two decay components
appearing in DI(td) is considered to reflect the decay of bulk-side
carriers, which are probed on the basis of absorption bleaching.
This is well supported by the fact that tb is consistent with the
decay time obtained by the OPPR measurement of various
samples (Supplementary Fig. S1). On the other hand, the slower
decay component ts has a complex dependence on tunnelling
current and sample bias voltage, which is consistent with the charac-
teristic of surface-side carrier decay.

Because recombination at the surface is enhanced for a large set-
point tunnelling current It , ts decreases as It increases. In contrast,
the bulk-side carrier decay is not affected by the magnitude of It.
Therefore, tb is independent of It. These expectations were con-
firmed, as shown in Fig. 3b; ts decreases with It , while tb remains
almost constant. The linear relationship between signal amplitude
and set-point tunnelling current (Fig. 3c) indicates that the time-
resolved signal does not originate, for example, from photoelectrons
and the displacement current, but from the tunnelling current (see
‘Mechanism’ in Supplementary Information).

The mechanism for the cobalt nanoparticle/GaAs is confirmed
by its dependence on the sample bias voltage Vs. For high Vs , the
Fermi level of the tip is higher than the conduction band
minimum of the sample. Because the tunnelling probability for an
electron is higher when its energy is closer to the vacuum level, elec-
trons directly tunnel to the conduction band (Fig. 4d). In this case,
accelerated recombination via the gap state is less probable. This
expectation was experimentally confirmed. For Vs¼ 2.5 V
(Fig. 4g), the surface-side decay constant was 232 ns, comparable
to that for the bare GaAs (Fig. 4b).

As the device size decreases, the nanoscale modification of carrier
dynamics, for example by atomic-scale defects, will strongly affect
the macroscopic device properties, so an urgent task is to under-
stand and control the correlation between structural fluctuations
and carrier dynamics. The microscopic process of intrinsic,
surface and bulk carrier dynamics is complex, particularly in an
inhomogeneous sample. Although further analysis is required, it is
of great significance that our new microscopic technique provides
data that can be used to discuss the dynamics in nanosystems.

By combining advanced ultrashort-pulse laser technology with
STM, we have developed a new microscopy technique that achieves
the spatiotemporal imaging of ultrafast dynamics. The time resol-
ution of this microscopy is limited only by the optical pulsewidth,
which is 140 fs in the present case (see ‘Fitting Procedures and
Time Resolution’ in Supplementary Information). As a demon-
stration of this microscopy technique, real-space probing of gap-state-
enhanced carrier recombination for a cobalt nanoparticle/GaAs
structure has been shown. Through the site-dependence of the
decay time on the tunnelling current injection from the STM tip,
the hole capture rate at the gap states associated with a cobalt
nanoparticle/GaAs structure has been imaged on the nanoscale for
the first time.

SPPX-STM is also applicable to the systems in which the response
of the tunnelling current has a nonlinear dependence on optical
intensity. With the use of selected-wavelength and circularly polarized
illumination, quantum transitions including excited and/or spin states
may be probed. The direct observation of such dynamics is expected to
enable further advances in nanoscale science and technology.

Methods
As shown in Fig. 1b, pulse trains were generated by two synchronized Ti:Sapphire
lasers (Mira and Chameleon, Coherent Inc.; central wavelength, 800 nm; average
intensity, 1 W) at a repetition rate of 90 MHz with a pulse width of 140 fs. The delay
time between the two pulse trains could be continuously varied from zero to the
pulse interval (≏11 ns) by the synchronizing circuit (Synchrolock, Coherent Inc.),
which had a time jitter of 600 fs. Each train was guided to a pulse picker, which

consisted of an ultrafast Pockels cell and polarizers, and was controlled by a
laboratory-built timing generator. The pulse picker selectively transmitted one pulse
out of typically every 90 pulses, resulting in a pulse train with a reduced repetition
rate of fp (typically 1 MHz), while reducing the intensity of other pulses by a factor of
300. When the lifetime to be measured was longer than 0.5 ms (¼1/(2fp)), fp was set
to lower than 1 MHz to optimize the measurement in accordance with the lifetime.
By changing the relative timing of pulse picking, an additional longer delay time was
generated, which could be controlled to multiples of the original pulse interval
(≏11 ns). Combining the short delay time generated by the synchronizing circuit
and the longer delay time generated by the pulse pickers, the total delay time could
be adjusted continuously from zero to as large a value as required. Note that the
reduced repetition rate could be set as low as required, reducing the average laser
intensity. The two pulse trains were arranged onto the same light axis and guided
into the STM (VT-STM, Omicron NanoTechnology GmbH). The light spot, which
had a diameter of ,10 mm and an average intensity of up to several milliwatts, was
focused on a sample surface below the STM tip using two lenses placed outside the
ultrahigh vacuum chamber (base pressure, ,1× 1028 Pa). The light spot was
precisely positioned to maximize the SPV effect appearing in the tunnelling current.
All experiments discussed in this paper were carried out at room temperature.

Delay-time modulation was achieved by changing the pulse-picking timing
periodically at a frequency of ≏1 kHz. In the anterior half of the period, pulse
picking was carried out at almost the same time for the pump and probe pulse trains,
and in the posterior half of the period it was carried out with a difference of 1808. As
a result, the delay time was modulated in a rectangular form between a relatively
small value td (1 ps–1 ms) and a very large value (0.5 ms to several microseconds), by
which the ultrafast phenomena completely reached the steady state. Synchronously
with the delay-time modulation, the tunnelling current signal from the STM
preamplifier with a bandwidth of≏10 kHz was phase-sensitively detected by a lock-
in amplifier. By virtue of the rectangular modulation of the delay time, the output of
the lock-in amplifier was proportional to the difference between the tunnelling
current at the two delay times. In particular, when the larger delay time was set to be
sufficiently long for the transient phenomena to reach the steady state, the signal
became proportional to DI¼ I(td)2I(1). This novel technique of using pulse
pickers to modulate the delay time in a rectangular form with a large amplitude and
a high modulation frequency is essential for maximizing the SNR to achieve
nanometre spatial resolution simultaneously with subpicosecond time resolution.

The time resolution of the system described above is mainly limited by the
timing jitter between the two lasers, which is controlled by the synchronizing circuit.
A higher resolution can be achieved by replacing the two lasers with an alternative
set-up comprising one laser, a beamsplitter and a mechanical optical delay line,
which is compatible with the novel delay-time modulation by pulse-picking.
Although the measurable delay-time range with this set-up is typically limited to
1 ns, the time resolution is almost the same as the pulse width of the laser, which
allows us to observe the carrier dynamics in a few-picosecond range (see ‘Time
Resolution’ in Supplementary Information).
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