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Development of Time-Resolved Scanning Tunneling Microscopy in Femtosecond Range
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A promising design for achieving the ultimate spatial and temporal resolution is proposed. With modulation of the time delay
between two femtosecond laser pulses repeatedly illuminating a scanning tunneling microscope junction, the induced compo-
nent of the tunneling current is detected as a function of the delay time. With this method, a high signal-to-noise ratio, stable
measurement free from fluctuation of laser intensity, and removal of the thermal expansion effect can be achieved. Using the
photovoltage effect of GaAs, the high performance of the newly developed system is demonstrated in the femtosecond range.
[DOI: 10.1143/JJAP.41.4994]
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The emerging fields of nanoscale science, engineering, ajudt as in other pump-probe techniques. If this were indeed
technology—the ability to work at the molecular level, atonthe case, the system would be a femtosecond STM. However,
by atom, to create large structures with fundamentally ne@roeneveld and van Kempen pointed out that the detected sig-
properties and functions—are leading to unprecedented umal was primarily due, instead of to tunneling current, to the
derstanding and control over the basic building blocks andisplacement current generated by the coupling of two stray
properties of all natural and man-made things. However, aspacitances, one at the tunneling junction and the other at
the size of the components in the integrated structures shrintke photoconductive gaté When the signal arises from the
to the nanoscale order, there appears a growing and urgeigplacement current, the lateral resolution of measurement
need to measure the local electronic structures and their dg-given by the geometric dimension that defines the capac-
namics, which determine the major device characteristics #ance at the junction and is much worse than that of STM;
well as fundamental functions. it is typically about Ium. Up to now, several attempts have

The recent improvement of measurement techniques hlasen made to improve this type of STV Junction mixing
resulted in extremely high spatial and temporal resolution&TM has exhibited 1 ps time resolution with 1 nm spatial res-
On the one hand, scanning tunneling microscopy (STM) ablution. However, this spatial resolution originates from the
lows us to observe individual molecules and atoms withanoscale variation of the current—voltage dependence of the
angstrom resolution. On the other hand, currently, the stasample while the ultrafast phenomenon itself does not have
of the art in quantum optics offers ultrashort laser pulses can atomic-scale structure. Thus, it is of rather limited appli-
the order of several femtoseconds, which enables terahecation. Moreover, the time resolution of this type of STM, in
bandwidth measurement based on the pump-probe technigpenciple, cannot overcome the response time of the photo-
However, these spatial and time resolutions were not estatBnductive gate, which is typically about 1 ps.
lished simultaneously; the measurement bandwidths of scan-The other approach relies on the direct excitation of the tun-
ning probe microscopes are typically limited by the externaieling junction by a sequence of laser pulses and the detection
electronics to~ 100 kHz and the spatial resolution of the laseof the induced tunneling current as a function of interpulse
technique is generally limited to its wavelength. Thereforespacing. Hamers and Calhill, in their pioneering work, deter-
one of the most challenging and exciting tasks is to conmined the carrier relaxation time at the Si(111)-7 surface
bine these two techniques to achieve unprecedented simwlith about 10 ns time resolution anduin spatial resolution
taneous spatial and temporal resolution, i.e., femtoseconuly this approach. In order to measure the small current vari-
angstrom technology. In fact, since the development of STMtion due to surface photovoltage, they used a lock-in ampli-
many researchers have been making efforts to accomplish tfiex with the laser intensity modulated by a mechanical chop-
task!~® The ultimate goal is to analyze and control the elecper. The difference in the time-averaged tunneling current
tronic and structural dynamics of materials with atomic resaith and without illumination of an optical pulse train was
olution on a femtosecond time scale. There have been twecorded as a function of the repetition rate of laser pulses. To
major concepts for achieving this goal. obtain a time resolution better than the repetition rate, pulse-

One is to utilize ultrafast photoconductive gates to adjoipair-excited STM is also proposed, where the illumination
the time resolution to STM. Weis# al. presented photocon- is composed of a sequence of pulse pairs and the tunneling
ductively gated STM with a time resolution of 1 ps, in whichcurrent is measured as a function of delay time of the pulse
an ultrafast photoconductive gate was inserted on the tunnehir. The signal from this kind of setup is determined by in-
ing current detection lin&. This was based on the idea thatdividual physical systems; thus it is complicated compared to
the photoconductive gate enables the sampling of instantaore straightforward approaches such as photoconductively
neous tunneling current immediately after laser pulse excitgated STM, but is free from the drawback of slow response
tion of the sample. The sampled current is then recorded a®the electronic circuit. In addition, the time resolution is de-
function of the delay time between excitation and samplindermined by the time delay between the two pulses, instead of

the repetition rate of the original laser, and can be improved
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without limit by shortening the laser pulse width. Thus, in (Delay circuit Ti:Sapphire
principle, pulse-pair-excited STM has the potential of achiev- Pulse Laser
ing femtosecond and angstrom resolution. Although several 800 nm, 25 fs
attempts to realize this concept have been made, its applica- 80 MHz, 100 mW

bility has not yet been demonstrated.

In this study, we reconsider the difficulty in the develop-
ment of a pulse-pair-excited STM and propose a promising
new design to surpass the critical requirements. The basi
performance of the system is clearly demonstrated. Tempo-

ral resolution is achieved up to the femtosecond range with .

the spatial resolution of STM remaining unchanged. ALrﬁ(r:Jll(i-;igr
In the development of pulse-pair-excited STM, we must UHV LHe Si

devise a way of detecting the small component of tunnel- Chamber N

ing current that depends on delay time. For the purpose, the
detection must be sensitive. It is common to use lock-in de-
tection with light intensity modulation. For instance, Hamers
and Cabhill used a mechanical chopflerhile Gerstneet al. ) )
mentioned locking to the repetition rate of the laser pflse. Here, we summarize the requirements that have to be met
In both cases, the output from the lock-in amplifier correfor the development of time-resolved STM.

sponds to the illumination-induced tunneling current differ-(1) High signal-to-noise ratio. . . .
ence, g (ty), as (2) Reduction of noisefrom the fluctuation of laser intensity.

(3) Removal of the thermal expansion effect of tip and sam-
Laitt (ta) = linum (ta) — ldark- 1) ple.
Here, ljum (tg) is the tunneling current under illumination, These requirements are difficulties that had not been sur-

which is delay time dependent, aigh is that under dark Passed until now. S

condition. On account of the lock-in detection, the broad- TO overcome the difficulties listed above, we propose
band noise from the current-voltage converter of STM (&€ shaken-pulse-pair-excited STM system. Figure 1 shows
reduced. Thus, the delay time dependence in the inducdfl¢ schematic. The optical source is a Ti:sapphire |aser
current difference can be obtained precisely. In practice, hofat routinely generates 25fs pulses centered a 800nm at
ever, the delay-time-dependent component is expected to $&MHzZ repetition rate. The pulse pairs are generated by an
quite small compared to the large background of the delajterferometer-typedelay circuit. A half-mirror splitsthelaser
time-independent component. In addition, when the laser if€am into two delay arms with slightly different path lengths.
tensity is modulated at low frequency such that the STM Nosebeamsarereflected by retro-reflectors at the end of the
current-voltage converter can respond, the change in the hegigy line and remixed by the half-mirror. The delay time is
delivered by laser pulses causes the thermal expansion aiféermined by the difference between the path lengths of the
shrinking of the STM tip at the modulation frequency, whictfi€lay ams, which can be precisely adjusted using piezoactu-
increases the background. Other undesirable signals, suctPi%s- Finally, a sequence of pulse pairs is focused onto the
the displacement current due to the photovoltage effect in tiRd M tip-sample junction, and the tunneling current is mea-
case of the semiconductor sample, also increase the ba&kted usingan STM electronic circuit with 10kHz bandwidith.
ground. Thus, an unrealistic dynamic range will be required " our system, the repetition rate of the excitation laser is
for the lock-in amplifier. What is worse is that this large back€l0sen to be high in order to minimize the thermal expansion
ground fluctuates with the unavoidable small fluctuation offfect of the STM tip. Furthermore, we do not use the mechan-
laser intensity at low frequency. The lock-in amplifier doedc@ chopper. Instead, what is noteworthy is that it modulates
not eliminate the fluctuation. When each of the two pulses i€ delay time between two laser pulses by periodically shak-
the pulse pair is chopped independently at different frequeH?d one of the two end reflectors on delay arms and detects

cies and the amplifier is locked at the difference frequenc?,‘ecc_’mpone_”'F of the corresponding tunneling current using a
the signal proportional to ock-in amplifier. Our two delay lines are capable of shaking

the end reflector at a maximum frequency of 10Hz or 100Hz
lsignal = (112 + ldar) — (11 + 12) (2)  upto150psor 0.7 ps, respectively.

would be obtained, wheréan, 11, |2 and I, are the tun- When the time delay of thetwo pulses'tq is modul ated with
neling currents with no laser pulse, with laser pulse 1, witR Smal value Aty around the center position tq at frequency
laser pulse 2, and with both laser pulses, respectively. Thug, the tunneling current can be represented as
only the nonlinearity of the tunneling current with respect ) . dly 2
to the laser intensity can be retrieved. This method reduces!t(td + Algsinwt) = li(ty) + Alg S'n“)ta + O(AtY).
the dynamic range required to the lock-in amplifier as well ©)
as the fluctuation of the background component. However, . , . -
since it also modulates the laser intensity, thermal expansig}qth the use of alock-in amplifier, the coefficient of the term

and shrinking of the STM tip cannot be avoided. Measures-mw;’. dl:/dta, cgn'bg obtacjined. :nr'][hizelsystem, Wmen the
ment with high intensity of the exciting laser, which generall)’unn_ 'ng Cu_Frhent IS 1n egenk ent Odt eall %t'meﬁt .em;f'
gives larger nonlinearity in the tunneling current, will crastPUt IS zero. €re IS o backgroun aall LS, the signal-
the STM tip into the sample. to-background ratio is maximized. The fluctuation of laser

Fig. 1. Schematic of our shaken-pulse-pair-excited STM system.
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Fig. 2. 1=V curves obtained for n-type GaAs(100) with and without laser
illumination.

intensity can be reduced by lock-in detection. Finally, since
the laser intensity is not modulated, thermal expansion and
shrinking of the STM tip does not occur. All the requirements
listed above can be satisfied by this technique.

In order to confirm the validity of the idea, the perfor-
mance of our system was examined using a surface photovolt-
age effect. A nondoped n-GaAs(001) was used as the sample
(carrier density ~1 x 10 cm~2). Figure 2 shows the |-V
curves obtained with and without laser illumination (set point
Vs = —2.5V, Is = 0.10nA). Because of thelow doping level,
when a positive sample bias voltage is applied, the wide de-
pletion layer formed at the tunneling gap prevents the tunnel -
ing current under a dark condition. With illumination, how-
ever, the photoinduced carriers decrease the depletion layer,
allowing the tunneling current to flow. The tunneling current
increases with the intensity of the excitation laser. Since the
sample is nondoped, small changes in the photoillumination
intensity at the tunneling junction can be sensitively detected
as changes in tunneling current. According to the indepen-
dence of the current difference between illuminated and dark
conditions on the frequency of switching, the displacement
current component is determined to be negligible. In addition,
no current difference at negative sample bias voltages indi-
cates the thermal expansion effect of thetip is also negligible
in our experiments. Thus, almost all of the current change at
positive sample hias voltage is attributed to a change of the
tunneling current.

Figure 3 shows an experiment for evaluating the temporal
resolution of our system. The tunneling current was recorded
during sweeping of the temporal delay of the paired laser
pulses with a static tip-sample separation. When the delay
timeis small compared to the pulse width and the two pulses
are temporarily overlapped, sweeping the delay time causes
the oscillation of the effective laser intensity at the periodic-
ity of the carrier wave owing to the interference between the
two pulses. The oscillation decreases as the portion of overlap
decreases, and when the two laser pul ses separate, the oscilla-
tion vanishes. The oscillation of illumination intensity at the
tunneling junction can be detected as an oscillation in tunnel-
ing current as shown in Fig. 3. The wavelength of the laser
pulse is centered at 800 nm, and the pulse width is 25fs. As
isshownin Fig. 3(a), the tunneling current oscillates at 2.6 fs,
which corresponds to the periodicity expected from the wave-
length of 800 nm.

Similar measurement was performed by Gerstner et al.®
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Fig. 3. Results of the tempora resolution of our system; (a) de
lay-time-dependent tunneling current, (b) shaken-pulse-pair-excited STM
signal.

However, in their case, thermal expansion of the STM tip
was used for the analysis. In our case, by using a nondoped
n-GaAs(001) as the sample, the laser intensity could be kept
low so that the thermal expansion effect could be avoided. As
aresult, the laser intensity precisely at the tunneling junction
could be obtained.

Now let us examine the performance of the shaker method
which we introduced. Figure 3(b) shows the lock-in ampli-
fier signal (time constant = 30 ms) plotted versus delay time,
where the delay time was modulated by 0.5fs around the cen-
ter value at 400Hz. The derivative of the graph in Fig. 3(a)
was successfully obtained with alower noise level, indicating
the expected performance of our time-resolved STM. Itstem-
poral resolution is limited by the pulse width, in the range of
femtoseconds. In the actual experiment, one has to maintain
adelay time longer than the pulse width to avoid the interfer-
ence effect shown here.

So far, we have demonstrated that our method can measure
the dependence of tunneling current on the delay time of an
excitation pulse pair with good sensitivity and precision. The
question “which system causes the dependence of tunneling
current on the delay time?” or “to which system can your mi-
croscope be applied?’ may arise. One of the easiest cases of
using this method is when the dependence of the tunneling
current on laser intensity in the specific system is nonlinear.
In this case, the average tunneling current with excitation by
the sequence of pulse pairs with long delay time is different
from that with excitation by a sequence of completely over-
lapped pulse pairs, in other words, a single pulse with double
intensity. Therefore, when the delay time is swept, the decay
time of the state excited by the first pulse can be obtained. For
example, let us assume that each of the laser pulses generates
a change in the tunneling current of 10nA during 1 ps, and
the tunneling current due to the second pulse changes 10%
depending on the delay time. The resultant change in the av-
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eraged tunneling current is
10(nA) x 1(ps) x 80(MHz) x 10(%) = 0.08 (pA). (4)

Thisisintherange of realistic values.

There is another issue to be considered for spatial resolu-
tion. Owing to the exponential dependence of tunneling cur-
rent on tunneling distance, when the tunneling current is de-
tected by precision electronics and mechanics of STM appara-
tus, acquisition of localized information in the angstrom order
is guaranteed. However, when the detected signal arises from
photoexcited electron emission, displacement current or field
emission, the spatial resolution can be much worse. Thus, as
discussed with photoconductively gated STMs,*™® the ori-
gin of the signal must be examined carefully for individual
systems. Thermal drift of the STM tip relative to the sam-
ple surface can also affect the spatial resolution, especially
when the time-resolved tunneling current detection takes a
long time. Our method discussed above keeps the averaged
laser power constant so that the thermal drift is minimized.
However, current detection with an extremely long acquisi-
tion time might require active drift correction combined with
the atom-tracking technique,® where the velocity and direc-
tion of thermal drift are determined by the atom-tracking tech-
nique and compensated.
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In conclusion, a promising new design for achieving ulti-
mate spatial and temporal resolution, by combining a short
pulse laser and STM, is proposed. Using the photovoltage ef-
fect of GaAs, high performance of the newly developed sys-
tem is demonstrated in the femtosecond range. Further exper-
iments are now in progress.
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