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Spatio-temporal imaging of voltage pulses with an ultrafast scanning
tunneling microscope

Jacob R. Jensen, Ulrich D. Keil,a) and Jo”rn M. Hvam
Mikroelektronik Centret, DTU Building 345 East, DK-2800 Lyngby, Denmark

~Received 13 January 1997; accepted for publication 25 March 1997!

Measurements on an ultrafast scanning tunneling microscope with simultaneous spatial and
temporal resolution are presented. We show images of picosecond pulses propagating on a coplanar
waveguide and resolve their mode structures. The influence of transmission line discontinuities on
the mode structure is investigated. It is also demonstrated how common and differential modes of
electrical pulses are generated. The capacitive coupling between the tip and the transmission line is
explained in terms of two contributions: a long range and a local coupling. We also show how these
contributions affect the imaging of the propagating pulses. ©1997 American Institute of Physics.
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In 1993 Weisset al. presented the first measuremen
with an optically gated tunneling microscope used to de
picosecond electrical pulses.1,2 Since then, the research i
this field has concentrated on achieving a better time res
tion and gaining a clearer understanding of the interac
between the tip and the sample. Subpicosecond time res
tion has been achieved by Botkinet al.,3 while Groeneveld
et al.showed that the tip-sample interaction is due to cap
tive coupling through a geometrical capacitance.4 Recently,
it was shown that the linear dependence of the signal am
tude on the tunneling conductance disappears if the ti
virtually grounded instead of floating.5,6 One of the most
interesting aspects of the photoconductively gated tunne
microscope is the assumed ability to combine the high spa
resolution of the scanning tunneling microscope with
high temporal resolution of optical gating techniques us
femtosecond pulses. However, there has been no repo
measurements with simultaneous spatialand temporal reso-
lution until now.

In this letter, we present spatio-temporal measureme
of picosecond voltage pulses on a coplanar wavegu
~CPW!, obtained by an ultrafast scanning tunneling mic
scope ~USTM!. The details of the setup are described
Refs. 5 and 7. The tip of the USTM is attached to one strip
a coplanar stripline and by optical excitation of a photoco
ductive switch between the strips, the transient tunneling c
rent is sampled. In the present measurements, the inte
preamplifier of the STM is directly connected to the ele
trode with the tip while an external preamplifier is connec
to the other electrode, enabling measurements at a refer
frequency above the cutoff frequency of the internal pream
lifier. A mode-locked Ti:sapphire laser supplies 100
pulses at a wavelength of 800 nm. The laser beam is s
into pump and probe beams that are chopped by acou
optic modulators at typical frequencies of 650 kHz. T
pump beam generates the electrical pulses on the CPW w
the probe beam performs the sampling of the transients
the tip strip lines. The delay-dependent signal is measu
through the external preamplifier with a lock-in amplifier s
to the difference frequency of about 20 kHz. The tip is
5-mm Pt/Ir wire, ;200 mm long, glued onto the electrod
with conducting silver epoxy.

a!Electronic mail: ulli@mic.dtu.dk
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This setup allows us to move the tip in steps within t
50350 mm scan area set by the range of the piezoscan
and record a delay-dependent signal for each step. In
way, a scan in space and time, or ‘‘spatio-temporal’’ scan
obtained. Since the probe switch is illuminated by a fib
fixed to the tip substrate, moving the tip does not affect
sampling properties. While scanning, the STM is operated
the tunneling mode in order to prevent the tip from crash
into the surface or sticking to the sample. Measureme
with the tip in contact are also done at individual tip po
tions. Here, the tip approaches the surface until a cras
detected as a large increase in the tunneling current. In
position, the delay-dependent signal is measured and be
moving the tip to another position, it is retracted from t
surface again. The sample measured throughout this lett
a CPW on a low-temperature grown GaAs substrate with
in-line gap in the center electrode. The spacings between
electrodes and their widths are 5mm. The substrate was
grown at 250 °C, has been annealed at 600 °C, and sho
carrier lifetime shorter than 400 fs, measured with differe
tial transmission spectroscopy. With electro-optic sampli
the widths of the generated electrical pulses have been m
sured to be;800 fs.5

Figure 1 shows a grey scale contour plot of a spa
temporal scan of an electrical pulse generated by optic
exciting the in-line gap. The tip is placed;500 mm away
from the gap and scanned~in 50 steps! along a line perpen-
dicular to the waveguide. A bias voltage of 50 mV is appli
to all the electrodes of the waveguide and the STM contro
is set to a specific tunneling current, typically 0.3 nA. How
ever, it is only possible to draw a tunneling current from t
electrodes because the semiconducting substrate is too
lating; so for the scans between the electrodes and out
the CPW structure, the measured current is virtually zero.
measuring the tunneling current for each scan, we are
able to map out the regions where the tip is tunneling fr
the electrodes, labeled ‘‘top,’’ ‘‘center,’’ and ‘‘bottom’’ in
Fig. 1. The distance between the center of neighboring e
trodes is 10mm which is used to calibrate the position sca
on the scan images. In Fig. 1, the top line appears to
narrower than the center and bottom lines; an artifact wh
we think is due to a slight tilt of the sample. Because of t
tilt, the piezo has come out of range in the vertical directi
before reaching the edge of the electrode~the scan direction
/70(20)/2762/3/$10.00 © 1997 American Institute of Physics
to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp



s
ct
id
ep
ec

e

t

ea
o
he

ti
re
tw
s

iv

d
th

ia
th
te
Th
ag
th

sest
in

ed to
ill

o the
ed
ive

he
ed
om
lse
ode
an
.
on
age
am

ng
es
s in
n of
the
his

ated
ng
. 2
lse
di-
ne

ent

ex
th
n.
sit

xci-
as in
is from bottom to top!. In Fig. 1, the widths of the electrode
appear broader than their spacings. We believe this effe
due to tunneling from the edge of the electrodes to the s
of the tip end that effectively increases the number of st
where the tip can draw a tunneling current from the el
trodes.

For each step, two delay-dependent signals are m
sured, one with a switch voltage of 3 V across the in-line gap
and one without a voltage across the gap. To suppress
signal components of nonelectrical origin~e.g., signals
caused by reflected or scattered light!, the signal measured
without a switch voltage is subtracted from the signal m
sured with a voltage applied to the switch. Because the c
pling from the sample to the tip is mainly capacitive, t
shape of the transient signal is the derivative~with respect to
delay time! of the contact measurement.5 That is, the signal
measured in tunneling mode has a positive and a nega
peak due to the rising and falling edge of the signal measu
in contact. The pulse in the scan is a superposition of
contributions: one is confined to the center line and ha
positive peak att58.5 ps and a negative peak att511.5 ps
while the other extends beyond the CPW with a posit
peak att57 ps and a negative peak att511 ps. We refer to
these two contributions as the confined and the exten
signal component, respectively, and explain them with
pulse generation principle.

By illuminating an in-line gap, we generate a different
mode together with a common mode. The field lines of
differential mode run from one electrode to another, de
mining the voltage difference between the electrodes.
common mode originates from the change of the aver
voltage of the three CPW electrodes. The field lines of

FIG. 1. Spatio-temporal scan of a voltage pulse generated by optical
tation of the in-line gap. The outline of the electrodes is indicated in
figure. The figure above the scan shows the pump beam and tip positio
the linear grey scale, white represents the areas with the maximum po
values of the signal and black the maximum negative values.
Appl. Phys. Lett., Vol. 70, No. 20, 19 May 1997
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common mode spread out from the electrodes to the clo
external ground. There is no well-defined external ground
the setup used here, so the common mode field is expect
be spatially extended. Thus, the common mode field w
propagate through the free space above the substrate t
tip with the speed of light; whereas, the speed of the guid
electrical pulse is slower and is determined by the effect
dielectric constant of the air and the substrate.8 The extended
signal component is therefore attributed to pickup of t
common mode field along the whole tip wire. The confin
signal component is due to a local capacitive coupling fr
the transmission line to the end of the tip when the pu
passes beneath it. Because the field of the common m
spreads in all spatial directions the scan is not simply
image of the voltage pulses on the surface of the sample

To test that the extended signal is due to a comm
mode, another scan was performed with the switch volt
being applied to the bottom and top lines and the pump be
exciting between the center and bottom lines~Fig. 2!. Since
the signal amplitude is independent of the tunneli
conductance,7 scanning across differently biased lines do
not affect the image. When the pump beam excites carrier
the substrate between the lines, the subsequent reductio
the voltage on the center line will balance the increase on
bottom line and only a differential mode is generated. T
initial signal in the time range fromt57.5 ps tot512 ps is
indeed more confined to the lines than the signal gener
with the in-line gap. In addition, there is no sign of a leadi
signal component. The additional delayed features in Fig
show that the instrument enables the investigation of pu
propagation on transmission lines in great detail. As in
cated in Fig. 2, the center line is interrupted by the in-li
gap, causing the reflection seen betweent512 ps andt518
ps. By measuring the delay-dependent signal at two differ

ci-
e
In
ive

FIG. 2. Spatio-temporal scan of a voltage pulse generated by optical e
tation between the center and bottom lines. The grey scale is the same
Fig. 1 ~the image has been smoothened!.
2763Jensen, Keil, and Hvam
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tip positions 50mm apart on the center line~Fig. 3!, we
confirmed that the origin of this signal is a reflection. F
these measurements the tip was in contact with the ce
electrode. As expected, the initial pulse arrivesDt50.5 ps
earlier when the tip is closest to the excitation spot and
reflection arrivesDt51.0 ps later, due to an increased prop
gation distance of 100mm. The time differences correspon
very well to the propagation speed of;40% of the speed o
light, calculated using an effective index method for the s
rounding dielectrics of the waveguide.8 The image shows
that there is no reflection on the bottom line. Therefore,
reflected pulse on the center line is not balanced by a vol
on the bottom line and has a common mode contributi
This mode is detected in the scan image as the exten
pulse located att513 ps.

Finally, we also scanned the waveguide on the other s
of the gap, still generating the pulse with the pump be
between the center and bottom lines~Fig. 4!. As in Fig. 1
there is an extended signal component att58.5 ps due to a
common mode and a confined signal component on the
tom line with peaks att59 ps andt511.5 ps. In both ex-
periments, the in-line gap is the source of the common mo
In the first case~Fig. 1!, there is only a current pulse on th
center line, due to the illumination of the in-line gap. In t
second case~Fig. 4!, there is only a current pulse on th
bottom line because the gap has reflected the part of
incident pulse on the center line. The time difference
tween the confined and extended signal component
smaller in Fig. 4 than in Fig. 1 because the scan is close
the gap. The confined signal on the bottom line in Fig. 4
the part of the generated pulse transmitted across the
Measurements with the tip in contact show that there are
smaller pulses on the center and top lines. The pulses on
center and bottom lines have the same polarity whereas
pulse on the top line has opposite polarity; therefore,
signal in the scan is reduced as seen in the image. The o
of this mode structure is not well understood, but it is u
likely that it is due to unintentional pumping between the t
and center lines since this would give rise to a pulse of
same polarity on the top and bottom lines.

In summary, the use of spatio-temporal scans with
USTM for resolving the mode structure of voltage pulses

FIG. 3. Measurements of incident and reflected pulses with the tip con
ing the center line at two different positions. The solid line is the meas
ment closest to the excitation position and the dashed line measured 5mm
further away. The excitation geometry is the same as in Fig. 2.
2764 Appl. Phys. Lett., Vol. 70, No. 20, 19 May 1997
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a CPW is demonstrated. In particular, the reflection a
transmission of a differential mode pulse incident on the
line gap is imaged. It is shown that a common mode con
bution in the pulse is spread out in space whereas a pu
differential mode is confined to the transmission lines in
image. None of the measurements presented here allow
estimate the spatial resolution of the scans, but from the
cussion of the capacitive coupling we conclude that the b
resolution is obtained with the local coupling between t
transmission line and the end of the tip. The resolution
this coupling will be of the order of the diameter of the t
and we believe that it depends on the exact shape of the
end. As the signals are of capacitive origin, the resolution
not simply determined by the extent of the tunneling regio
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FIG. 4. Spatio-temporal scan measured on the other side of the in-line
The voltage pulse is generated by optical excitation between the cente
bottom lines. The grey scale is the same as in Figs. 1 and 2.
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