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Osamu Takeuchi, Masahiro Aoyama, Ryuji Oshima, Yoshitaka Okada, Haruhiro Oigawa,
Nobuyuki Sano, and Hidemi Shigekawaa)

Institute of Applied Physics, 21st COE, NANO Project, University of Tsukuba, Tsukuba 305-8573, Japan

Ryuji Morita and Mikio Yamashita
Department of Applied Physics, Hokkaido University, Sapporo 060-8628, Japan

(Received 10 May 2004; accepted 18 August 2004; publisher error corrected 5 November 2004)

Time-resolved tunneling current measurement in the subpicosecond range was realized by
ultrashort-pulse laser combined scanning tunneling microscopy, using the shaken-pulse-pair
method. A low-temperature-grown GaNxAs1−x sx=0.36%d sample exhibited two ultrafast transient
processes in the time-resolved tunnel current signal, whose lifetimes were determined to be
0.653±0.025 and 55.1±5.0 ps. These values are of the same order of magnitude as those measured
in the conventional pump–probe reflectivity measurement. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1804238]
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Smaller and faster are the key words in the progre
urrent nanoscience and technology. Thus, for further
ances, a method of exploring the ultrafast transient dy
cs of the local quantum functions in organized small st
ures is eagerly desired. Ultrashort optical pulse techno
n the near-infrared to ultraviolet region has allowed u
bserve transient phenomena in the femtosecond rang
ptical-monocycle region,1,2 which, however, has a dra
ack of a relatively low spatial resolution due to electrom
etic wavelength. On the other hand, scanning tunneling
roscopy(STM), although its time resolution is limited b
ircuit bandwidths,100 kHzd, enables us to observe spa
ynamics at the atomic level in real space.3 Therefore, th

ntegration of ultrashort optical technology with STM h
een one of the most exciting goals since their inventio4–7

ioneering works were performed by Hamerset al.,4–7 which
ave attracted the extensive interest of researchers in v
elds. However, there remain critical problems which h
revented the achievement of the laser-combined STM
urement, such as the displacement current due to the
apacitance of the tunneling gap and photoelectrons
uced by multiple photoabsorption.4–7 In such cases, since

arge area is included in the processes, the superior
esolution of STM cannot be utilized. In particular, the th
al expansion of the STM tip by photoillumination cau
uch large noise in the tunneling current, making the m

urement difficult.
Here, we show the results of the time-resolved tunne

urrent measurement in the subpicosecond range, whic
dvance the development of future research in terms of
ate temporal and spatial resolutions.

A schematic of the measurement system is shown in
. We adopted the recently developed shaken-pulse
xcited STM (SPPX-STM) method, which realizes high
ensitive measurement free from the thermal expansio
ect of the tip and sample.8 The tunneling junction is direct
lluminated by a sequence of laser pulse pairs and av
unneling current,I tstdd, is measured as a function of t
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delay time between the two pulses,td. To decrease broadba
noise, the delay time of the two pulsestd is modulated with
small amplitudeDtd at frequencyv, and the tunneling cu
rent is detected by a lock-in amplifier. Since the tunne
currentI t responds to the modulation as

I tstd + Dtd sinvtd = I tstdd + Dtd sinvt
dIt
dtd

+ OsDtd
2d, s1d

the coefficientDtdsdI t /dtdd of the term sinvt is obtained by
lock-in detection. Since the laser intensity is not modul
in this system, thermal expansion and shrinking of the S
tip does not occur. Then, with the numerical integration
thedI t /dtd signal,I tstdd can be obtained, conserving the s
tial resolution of STM and high accuracy.

In the pulse-pair-excited STM measurement, the firs
ser pulse in each pulse pair acts as the pump pulse to
and modulate the electronic structure of the sample sur
which might cause deviation in the tunneling current. Th
the tunnel current is again deviated by the second laser p
In the case of a short delay time between the two pulses
excited state induced by the first pulse partially rem
when the second pulse impinges on the sample. Thus

/

FIG. 1. (Color) Schematic of the system setup.
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mount of tunneling current deviation due to the sec
ulse can be different from that caused by the first pulse
ependent on the delay time. Although such ultrashort s

n the tunneling current cannot be resolved by any amp
f present STM systems, if the deviation also change

otal amount of tunnel current for each pulse pair, this ch
an be detected as the average value of the tunneling cu
hus, we can observe the ultrafast transient phenomen
easuring the time-averaged tunnel current, as the prob
al, as a function of the delay time.

In such measurement, the relationship between
xcite/relax phenomena of interest and the time-resolved
al in the tunnel current is rather complex. However,
ethod combines and conserves the ultimate temporal

ution of the optical pump–probe approach and the ultim
patial resolution of STM. Namely, SPPX-STM satisfies
equirement for exploring the ultrafast dynamics of the l
uantum functions occurring in organized small structur

Experiments were performed on low-temperature-gr
aNxAs1−x (x=0.36%; grown at 450 °C and annealed
00 °C), which is an excellent candidate for future fast

ormation transfer systems and highly efficient solar c
imilar to other III–V–N compound semiconductors.9,10

For comparison, we first examined the dynamics of
aNxAs1−x sample by the conventional optical pump–pr
ethod. The system setup was similar to that shown in
; Ti:sapphire excitation laser of 300 mW, central wa

ength of 800 nm, bandwidth of 30 nm, pulse width of 25
nd oscillation frequency of 80 MHz. The intensity of
ump pulses was adjusted to,5 mW focused into sever
icrometers. The polarizations of the pump and probe p
ere set perpendicular to each other. The sample was
xcited by the intense pump pulse and the reflectivity
fter pumping was measured by the probe pulse with

imes lower intensity of the pump pulse. The intensity of
eflected probe pulse was measured as a function of the
ime between pumping and probing. In the spectrum,
xponential components with decay times of 0.8 and 1
ere obtained. These were respectively attributed to the

imes of the intra-(faster one) and interband(slower one)
arrier relaxation processes, similar to the case of GaAs11,12

For the SPPX-STM measurement, performed in a
eak feedback was applied to the STMz-piezo with a cutof

requency less than 0.2 Hz. The sample bias voltage an
eference current were set at −2.0 V and 100 pA in ord
educe the surface photovoltage effect by forming a forw
ias condition. The incident angle of the laser pul
-polarized, was 40°–50°, and the light intensity at the
ample gap was,10 mW focused into,50 mm. The delay
ime was swept as a triangular function at,200 s periodicity
ith a sinusoidal modulation of 0.5 ps at,20 Hz. The time
onstant of the lock-in-amplifier was 100 ms and the d
mount was −24 dB/oct.

Figure 2(a) shows the raw signals and the fitting res
s functions of delay time. The up and down scans repr

he data obtained for the increasing and decreasing pa
he delay time, respectively. There is a slight shift of the
ignals due to the existence of the lock-in time constant
elay-time-dependent tunneling current, obtained by the
erical integration of the data in Fig. 2(a), is shown in Fig

(b). The vertical axis represents the amount of change i
unneling current flowing from the tip to the sample. H

he left-hand side of the graph is adjusted to the zero poin
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for simplicity, since the absolute value cannot be determ
by this experiment. There exist two exponential compon
with fast s,1.0 psd and slows,50 psd decay times for eac
side of thex axis. The curves fortd,0 and td.0 were
confirmed to have similar shapes at various intensity ra
i.e., the time constant and the intensity ratio of the two d
components were always the same for both sides. The a
metry of the graph for the negative and positive delay ti
is due to the difference between the light intensities of
two pulses(1:2 in this case; intense pulse impinging first
td,0 region). The difference between the baselines for
positive and negative sides indicates the existence of a
time-scale physical process in the system, the origi
which is not yet clear.

The two decay times obtained by the SPPX-STM m
surement are in similar ranges as those obtained by the
ventional pump–probe reflectivity measurement, which
gests that the system is probing the same ultrafast tran
phenomena. In the conventional optical pump–p
method, the density of the hot electrons excited by the
pulse is reflected in the change of the reflectivity of the
ond pulse, because the existence of the hot electrons pre
the following excitation of electrons into the same ene
states. The change in the reflectivity observed by the op
pump–probe method, for a pump intensity two orders
magnitudes higher than that used in the SPPX-STM ex
ment, is on the order ofDR/R=10−5–10−6. Thus, the amoun
of change expected to appear in the average tunneling
rent upon the change in the reflectivity is obviously too sm
to be detected by the SPPX-STM measurement. Moreov
the real measurement, a higher tunnel current was obs
when the delay time was shorter despite the photoexcit

FIG. 2. (Color) (a) Derivative tunneling current as a function of delay ti
for a GaNxAs1−x sx=0.36%d sample annealed at 600 °C.(b) Tunneling
current obtained by numerical integration of the data in(a). The best-fi
curve is drawn together.
tby the second pulse being smaller. Since the hot electrons
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eel a lower tunneling barrier, the lower density of the
lectrons should result in a smaller tunnel current. T
hat causes the observed change in the average tunn

ent in the SPPX-STM measurement?
In general, hot electrons produced by laser pulses k

ally relax first in energy space through energy-dissipa
honon scattering until they reach local thermal equilibr
hich takes place in the time scale of subpicosecond
icoseoconds, depending on temperature(the kinetic stage).
hen the hydrodynamic stage, relaxation processes fro

ocal thermal equilibrium due to scatterings to the glo
quilibrium due to collective motion, follows with the tim
cale of a few tens of picoseconds. During the processe
onuniformity of the electron density induced locally by

aser pulse gradually vanishes. Finally, the overall the
quilibrium is reached.13 When the electron density is hig

he scenario is modified in some respects. Because o
mall effective mass of GaAs, electrons easily degenera
he electron density becomes higher. Since the local the
quilibrium distribution function is given by the Fermi–Dir
istribution, the relaxation time in the kinetic stage of s
ot electrons becomes longer, compared with the ca
ondegeneracy, due to the Pauli exclusion principle.13 A
ough estimation shows that the electron density excite
he pump and/or probe pulses in the present experim
xceeds well above 1018 cm−3, so that the electrons just af

he excitation are strongly degenerate. The relaxation tim
he kinetic stage of hot electrons excited by the second
ould be, therefore, varied according to when the elec
re excited by the second pulse. In other words, as the

ime becomes shorter(the effect of degeneracy due to
rst pulse is stronger), the relaxation time of hot electro
enerated by the second pulse becomes longer and th
iation of the average tunneling current becomes gre
his scenario may explain the spectrum shown in Fig. 2

In the development of the time-resolved STM, wha
lways questioned is whether the time-resolved signal

ated to tunnel current or not, because this is the key
hich determines whether the method can have the sup
patial resolution of STM or not.4–8 Figure 3 shows the tim
esolved signal intensity of SPPX-STM as a function of
rage tunnel current, which was measured while varyin

ip–sample distance. There is a strong linear relation
his indicates that the time-resolved signal is indeed

IG. 3. (Color) Relationship between time-resolved signal intensity
verage tunnel current, measured while varying tip–sample distance.
Downloaded 09 Nov 2004 to 130.158.131.51. Redistribution subject to AIP
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tained from the area just below the STM tip similar to o
nary STM measurement. Namely, the signal in Fig. 2 is
demonstration of subpicosecond time-resolved tunneling
rent measurement by laser-combined STM.

Before summarizing this study, we briefly mention
analytical procedure of the time-resolved signal obtaine
SPPX-STM experiment. First, for extracting the lifetimes
the transient processes from a SPPX-STM spectrum,
should not directly compare the fitting functions(two expo-
nential and one step function) and the integrated experime
tal data. This is due to the fact that the latter is stro
affected by the measurement conditions, such as the
pulse width, amplitude of the delay time modulation, and
lock-in time constant. Thus, we must always take them
account in the fitting procedure.15 We found that the mod
function shown by the dotted line in Fig. 2(b) gives the bes
fit to the experimental result, the dotted lines in Fig. 2(a).
The lifetimes, obtained in this analysis, are 0.653±0.025
55.1±5.0 ps, respectively.

Second, when the delay time is as short as the p
width, the interference between the two pulses cause
oscillation of the illumination intensity and breaks the c
dition of constant excitation intensity.7,8 This causes oscilla
tion of tunnel current via the thermal expansion of the S
tip and/or other photoinduced current response.8,14 When the
delay time modulation is larger than the pulse width,
oscillation causes an artifact signal in the region
−Dtd, td,Dtd. Thus, this signal can affect the observa
of fast decay processes. This signal can, however, be
tively reduced by increasingDtd andv.15 Actually, this com-
ponent did not obviously appear in the present experim
result.

In conclusion, the time-resolved tunneling current m
surement in the subpicosecond range was demonst
which can advance the development of future researc
terms of ultimate temporal and spatial resolutions.
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