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Abstract

We review the development of the ultrafast scanning tunneling microscope. Experimental results
on the tunneling gap response to a short volt.age pulse excitation are presented.
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Recently, we have proposed a general technique to wed ultrafast laser spectroscopy and Scanning Probe
Microscopies (SPM) to obtain simultaneouspicosecond time and atomic space resolution.1 Demonstrationof this
concept immediately followed: we have implemented this general technique in a specific device, the Ultrafast
Scanning Tunnelng Microscope (-USTM).2
Ultrafast time response occurs when the SPM
probe has a nonlinear response to a short laser
pulse.Thisnonlinearitycanbe essentialtothe .1o o 1o 2o 3o 4o 5o

nature of the probe-sample interaction or can be ,.5.3 , \ (a)
artificially introduced to the probe. For instance, < J
the intrinsic nonlinearity of the STM I-V .,_.2 V \ _J _/.

canbeusedtoobtainultrafasttime , ^ __
resolution.1,3The tip nonlinearity mixes the high "
frequency(short time) responses to producea DC
(correlation) signal. Temporal resolution is
defined by the temporal width of the nonlineartip Am /-_ (b)

response and the width of the laser pulses. Spatial <coo ,\
resolution should be comparabletOthe resolution _ j \

ofthenormalSPM. Inthefirstdemonstration, the _ " _ _ _/
nonlinear element was a fast photoconductive e0-- _ _ .
switch integrated with the STM tip assembly° rs
Conceptually, the switch acts as a several : 4:........

(c)
picosecondslonggate. ._ 3

In the experiment, the sample was an Au __

transmission line. A short (100 fs) laser pulse _
switched a photoconductiveswitch on the sample, -I S _-"
to generate short (650 fs) voltage pulses on the _ _ _/r__ _ .
line. A second laser pulse gated the Scanning .I
Tunnelng Microscope (STM) tip. Thus, we could .2
excite the tunneling gap of the STM with a short ._o o 1o 20 3o 4o 5o
voltage pulse, and measure its response. We used timee_ay_)
this instrument to image surfaces with 2 ps time Figure 1. Time. resolved current cross-ccgrelation :
resolutionand better than 50 A spatial resolution, detectedon the tip: (a) in tunnelingrange(5nA and
The details of the experimental set-up are 80mVsettings),and(b) whenthetip is crashedintothe
describedeleswhere.2 sample.(c) is the timederivativeof(b). ,

A typical signal measured by the STM
consists of a small AC component which varies with time delayriding on a large DC background.The background
is simply the nominal tuneling current,given by (bias voltage)/(gap resistance). Fig la shows a 4.5 ps wide cross-
correlationpulse detected by the STM while tunneling at 5 nA with a +80 mV bias on the strip. The 10%to 90%



rise time is 2 ps. The average tunnel current is increased by _0.25 nA when the transmission line pulse passes
beneath the tip at zero time delay. This increase corresponds to a signal/backgroundratio, DI/I, of 5%. Fig. lb
shows a cross-correlation recordedwhile the tip was in ohmic contactwith the sample.

There areseveral features in this data. The large signal at a time delayof 47 ps is a reflection from one end of
the sampletransmission line. This reflection also appearedin ourstandardsampling measurements.The structure
following the main correlation peak is due to ringing in the tip structure,as we will show below. The FWHMof the

, _rrelation peak in Fig. lb is much broader (10 ps) than the pulse on the transmission line. The broadening is,
most likely, a result of dispersion of the electrical pulse on the tip. The bipolar correlation peak in Fig. la is
"_ignifica_dydifferentfrom what we would expect for a purelyohmic response;in fact it bears some resemblanceto
Fig. lc, which is the numerical derivative of the trace in Fig. lb. Apparently, a large portion of the tunneling
signal comes from a capacitive-like response.
However, the tunneling gap height dependence of
this capacitive-like response is very different from
the one expected for the geometrical capacitance of
thejunction; as we will show below, the geometrical _so

.4_ (a)

capacitance of the tip assembly contributes _ 1oo

negligibly to the signal. The existanceof an intrinsic _ socapacitance associated with the tunneling process
has been discussed in the context of Coulomb ]
Blockade (CB) and Single Electron Tunneling i o
(SET).4 This capacitance is beleived to be very _ -so -
small (on the orderof 10"18 F). The RC discharge
time for such a capacitance at reasonable tunneling .1oo , J , , s , _-10 0 10 20 30 40 50

gap resistances is on the order of a few ps and can time delay (p$) ,

be directly investigated with our USTM. _

Fig. 2a displays a series of cross-correlation g [ // _-"" (b)
pulses recordedby theSTMwhiletunneling with a "i "_-,""...

+80 mV bias on the stripfor gap resistancesfrom 16 a t_ / ___ _,"",, I
MW to 512 MW. For clarity, the DC backgroundin <o "..._- / \
eachcurve has been removed. In Fig. 2b, we ] o "_:J'__._l"..t'_"
normalize the peak height of the traces in Fig. 2a to
unity in orderto show changes in the lineshape of
the signal. The figure shows thatthe fall time of the

0 10 20
correlations increases with increasing gap tim e d • lay (p s)

resistance. This increase may be associated with the _ .o -&

RC discharge time discussed above. ]_. (c)

The spectraof the traces in Fi& 2a are shown in ' _. o.8 -_\
Fig. 2c. These spectrawere calctdatedfor data in the
range -10 ps to 37 ps. Additionally, the heights of _ o.e

the low frequency peaks have been normalized to 1. _o., _ \\\ _The low frequency peak describes the main bipolar
correlation peak. The smaller high frequency peaks 0.2 - _ \ _.._..'x.
representthe ringing effect in the correlationtraces. ____._
This ringing is probably due to an impedance o.o o.1 o.2 0.3
mismatch between the tip and the sample and Frequency (THz)
between the tip and the sampling switch. As the
tunneling resistance is reduced, the mismatch is Figure2. a)The tunnel-currentDIt'Dt)fordifferentgap
reduced, and the amplitude of the tinging peak is resistances.(solid line is 16MW,long dash- 32 MW,
reduced. The fine structure in the ringing has not mediumdash- 64 MW,shortdash- 128 MW,dotted-

, been identified. 256 MW,dash-dot- "512MW). b) Tracesin a) with
The height of the correlation peak in each trace, peak heights normalizedto unity, c) Spectraof the

as function of the corresponding DC current is curvesina).
shown in Fig. 3. The filled squares represent
measurementsat 16, 32, 64, i28, 256 and 512 MW



gap resistances (the point at the top right of the figure correspondsto 16MW). The dashed line is a linear
regression to the data. It is clear from the figure that the AC part of the tunneling c'urrenthas the same gap
impedance, and hence distance, dependence as that of the DC current.Moreover,when the tip is withdrawn from
the surface by 50 _ not only does the DC tunnel currentvanish (as expected), but the AC part nearly vanishes as
well. This means that the observed cross-correlation
signal has little or no contribution from stray
capacitance in the leads or from radiativecoupling.

A detailed study of the nature and the origin of
the tunnel-gap capacitance is currently under way. 200 /

By vmying the tip length, the gap conditions (by _ //

controlling the oxide layer) and the bias voltage on _ 5o - / /the transmission line, we will separate the = II/
o /

contributionof the stray capacitance of the leads and _ oo - /
reflections along the tip from the intrinsic response _, iit/

of the tunneling junction itself. We plan to improve <o t /the time resolutionof our USTM by microfabricating 5o _1(
the entire tip-switch assembly. ! O

One of the most exciting prospectsfor USPM is o -_ , , , , ...... •
the potential to create movies of surface dynamics. 0 1 2 3 4 sDC tunnel current (nA)
We believe that by improving the sensitivity,
dynamic range, and time resolution of this Figure3. Amplitudeof the timeresolvedsignal versus
technique, we will be able to animate surface DC background.Thedottedline is a linearregressionto
dynamics by collecting a series of STM images for the data.
increasingvalues of time delay. This will allow us to
study dynamical phenomena in real space with
atomic resolution. Sucha tool will open a window for the observationof processesand excitations which propagate
at velocities of a few A perfs (or less). It should be possible to spatially resolve in real time phenomena such as
vibmnic motion on the atomic scale, carrier transport in semiconductor structures, electric field and voltage
wavefront propagation at metal semiconductor interfaces. The operation of sub-micron electronic/optoelectronic
devices can be directlycharacterizedwith such a technique.

USPM is not limited to the STM. As we discussed before,l the non-linear nature of the probe-sample
interactions in S'I,_Vl,AFM and near field optical microscopy (NSOM) offer many opportunities for resolving
ultrafastphenomena on a nanometerscale.

Acknowledgements

b ""Tile autho_ would like to thankJ. Beemanfor tremendoushelp with tip fabrication. Thiswork was sup_po_ecJ
tne Lat3oratoryDirected Researchand Development Program9f LawrenceBerkeleyLaboratoryunclertl_eU.S.partmentof Energy,ContractNo. DE-AC03-76_8 andby ONR/ARPAunder ContractNo. N000-14.93.105.36.

References
IS. Weiss, D. BotkinandD.S. Chemla,OSA proceedingson UltrafastElectronics& Optoelectronics,vol.14, SanFrancisco,
January25 1993,editedbyJ. ShahandU. Mishra,(OSA,WashingtonD.C.1993),pp.162-165.
2S.Weiss,D.F.Ogletree,D. BotkinM.SalmeronandD.S.Chemla,Appl.Phys.Lett.,63, 2567(1993).
3G.Nune$andM.R.Freeman,Science,262, 1029(1993).
4Forexample,ICKLikharev,IBMJ. Res.Develop.,32, 144(1988).

P






