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Fiber coupled ultrafast scanning tunneling microscope
Ulrich D. Keil,a) Jacob R. Jensen, and Jo”rn M. Hvam
Mikroelektronik Centret, DTU building 345 east, DK-2800 Lyngby, Denmark

~Received 22 October 1996; accepted for publication 16 December 1996!

We report on a scanning tunneling microscope with a photoconductive gate in the tunneling current
circuit. The tunneling tip is attached to a coplanar transmission line with an integrated
photoconductive switch. The switch is illuminated through a fiber which is rigidly attached to the
switch substrate. By using a firmly attached fiber we achieve an excellent reproducibility and
unconstrained positioning of the tip. We observe a transient signal with 2.9 ps pulse width in
tunneling mode and 5 ps in contact mode. The instrument is applied to investigating the mode
structure on a coplanar waveguide. The measurements show that the probe works as a transient
voltage detector in contact and a capacitively coupled transient field detector in tunneling mode. We
do not measure the transient voltage change in the ohmic tunneling current. In this sense, the spatial
resolution for propagating electrical pulses is better in contact mode than in tunneling mode.
© 1997 American Institute of Physics.@S0021-8979~97!00407-6#
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I. INTRODUCTION

The first realization of picosecond time resolution with
photoconductively gated scanning tunneling microscope
reported by Weisset al. in 1993.1,2 Meanwhile their results
have been confirmed by two other groups3,4 and subpicosec
ond time resolution has been achieved.5 The simultaneous
spatial resolution is still subject to controversy.6 The limits
of simultaneous spatial and temporal resolution have
been measured directly, yet. A linear dependence of the
nal amplitude on the dc tunneling current, or gap cond
tance, has been observed so far consistently. Assumin
exponential relation between tunneling current and distan
this dependence can also be seen as an exponential dec
with distance. The observed signal shapes range from a
derivative of the measurement in contact to a resemblanc
the contact measurement with a shortened response.
results indicate a capacitive coupling. The exponential d
tance dependence is intriguing because it suggests tha
spatial resolution for high frequency signals scales in
same way as for dc signal. However, models based on
assumption could only explain the measurements with a
appearing geometrical capacitance of the tunneling gap.2 Re-
cently, the exponential amplitude dependence has been
plained as an effect of the measurement technique w
taking into account a geometric capacitive.6 For interpreting
the results it has to be remembered that in a sampling t
nique the signals are not measured in real time, but the t
resolution is achieved by changing the delay between pu
and probe times. The observed transient signal in the cur
is a time averaged, delay dependent current. A dc~or low
frequency! current can, however, only be drawn through t
ohmic part of the impedance and must, in our specific c
~in lieu of another current path!, be controlled by the gap
resistance. Thus, although the signal shape can be d
mined by the gap capacitance the amplitude is set by the

a!Electronic mail: ulli@mic.dtu.dk
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resistance. We will discuss how these issues can be reso
in our version of an ultrafast scanning tunneling microsco
~USTM!.

The instrument is based on the concept of a USTM p
sented in Ref. 1. Our approach differs in two aspects fr
the previously reported designs.1,3 First, we attach a fiber
directly to the photoconductive switch. This illuminatio
principle enables an unconstrained positioning and increa
scanning range of the tip by avoiding a scanning posit
dependent illumination of the photoconductive switch. S
ondly, the tunneling tip is attached to a coplanar strip li
~CPS! which provides direct electrical access to the tip f
monitoring the dc tunneling current. In addition, the CP
ensures a low attenuation of the high frequency compon
of the signal. As a test of the instrument, we measure
mode structure of an electrical pulse generated on a copl
waveguide~CPW!. By illuminating an in-line photoconduc
tive switch, signal and ground lines are distinguished and
main voltage pulse is confined to the center line. In t
setup, we can measure the coupling from the signal
while the tip is in tunneling mode or in direct contact wi
the ground lines. In this paper we refer to the measured
nal as a ‘‘transient signal in tunneling mode.’’ With th
terminology we do not imply whether the signal is of res
tive or capacitive origin.

II. EXPERIMENT

A. General setup

Figure 1 shows a sketch of the setup. The base ins
ment used in these investigations is a commercial amb
STM ~DME Rasterscope!. The laser source is a mode-locke
Ti:sapphire laser with a pulse width of 100 fs and a wav
length of 800 nm. The laser beam is split into pump a
probe beams. The pump beam generates the electrical p
on the sample and the probe beam gates the current on
probe. The optical delay of the probe beam determines
gating time and provides the time resolution. In all measu
ments both pump beam and probe beam are chopped an
modulation of the probe current is measured with a lock
2929/6/$10.00 © 1997 American Institute of Physics
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amplifier locked to the difference frequency. The laser bea
are modulated by acousto-optic modulators and the m
mum modulation frequency is 5 MHz. The test sample
mounted above the tip and can be manually aligned. A s
picosecond electrical pulse is generated by illuminating
in-line photoconductive switch on a CPW. The pulse
picked up by the gated tunneling tip which is mounted on
piezo scanner tube.

B. Probe tip design and optimization

The gated tip consists of a Pt/Ir wire with a 5mm diam-
eter which is glued to a CPS with conducting silver epo
Sample and probe transmission lines are 300–400-nm-t
Ti/Au contacts deposited on low-temperature grown Ga
~LT GaAs! substrates. Width and spacing of the probe C
contacts are 10mm. The small dimensions enable the tran
mission of frequencies up to the THz regime.7 The plane of
the CPS on the probe is kept parallel to the propaga
direction on the sample transmission line. Hence, the pick
of far-field THz radiation from the sample by the prob
transmission line is minimized. The photoconductive swi
on the probe is excited through a fiber. The fiber is align
over the gap of the transmission line for maximum photoc
rent. In this position the fiber is permanently glued in pla
The photoconductive switch is formed wherever the pro
light illuminates the gap between the lines. By using t
sliding-contact switch8 we avoid an impedance discontinui
as it would be formed by an in-line photoconductive switc
The first source of reflection is the unterminated end of
transmission line about 2 mm away. This distance is equ
lent to a propagation time of 40 ps.7

The growth and annealing procedure for both tip a
sample are optimized for a fast response. The use of
GaAs instead of ion-irradiated SOS results in an increa
sensitivity.9 The 1-mm-thick LT GaAs layer is grown a
250 °C and subsequently annealed for one minute by ra
thermal annealing atTa5525 °C or 600 °C. For first charac
terization, differential transmission measurements are

FIG. 1. Schematic setup of the USTM.
2930 J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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formed on a LT GaAs layer separated from the substrate
epitaxial lift-off.10 These measurements show that the car
life time increases to about 800 fs forTa5600 °C and is
below our temporal resolution limit of about 200 fs fo
Ta5525 °C. Other important measures of the substrate
the conductivity and the breakdown field. For a CPS w
width and spacing of 5mm and a length of 3 mm, the dar
resistance from one line to the other is about 5 MV for
Ta5560 °C and 60 MV for Ta5600 °C. The latter value is
too high for a photoconductive switch which is in series w
the tunneling current resistance. The annealing tempera
for the probe substrate is therefore chosen to be 560 °C.
the sample, however, the higher annealing temperature
sulting in a higher breakdown field enables us to apply
higher voltage to the pulse-generating switch. The hig
switch voltage, in turn, results in a higher amplitude of t
voltage pulse. Thus, the sample substrate is anneale
600 °C. Electro-optic sampling11 measurements show a fu
width half maximum~FWHM! pulse width of 800 fs~Fig.
2!. For a switch voltage,Vsw510 V, the pulse amplitude is 1
V. Although this pulse is measured in a separate setup,
typical for the input signal in the USTM, in amplitude a
well as in pulse width.

As mentioned, we use an optical fiber attached direc
to the photoconductive switch for gating the tunneling c
rent. This way we achieve an increased scanning range
an excellent reproducibility of the tip behavior. A single
mode fiber is used to minimize dispersion of the optic
pulse and the related decrease in time resolution. Usin
firmly attached fiber on the one hand ensures an unrestri
positioning of the tip. On the other hand, the fiber also re
resents an additional noise source. We test, therefore,
spatial resolution achieved with this modified instrume
Figure 3 shows a high resolution image of a gold surface
the transmission line sample in constant current mode in
cating a spatial resolution of 10–20 nm. We find that t
main limitation for the spatial resolution is given by th
length of the tip wire~apart from the limitations set by scan
ning in air!. Typical wire lengths are 100mm. This length
does not present a principle limit in our setup but wires
this length seem to tolerate crashing into the substrate b
than shorter wires.

FIG. 2. Electrical pulse measured on the sample CPW by electro-o
samplingVsw510 V. The LT GaAs substrate is grown at 250 °C and a
nealed at 600 °C.
Keil, Jensen, and Hvam
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III. RESULTS AND DISCUSSION

The test structure is a CPW with 5mm contact spacing
and width~see Fig. 1!. All three lines at the position of the
tunneling tip are kept at a bias voltage,Vb , of around 50 mV
to supply a dc tunneling current. The switch voltage,Vsw,
~typically 2–10 V! is applied to the other side of the in-line
switch. Figure 4 shows the time resolved signals measu
with the USTM. First the signal is measured while the tip
in contact with the center CPW electrode~I contact!. Then the
tip is retracted while a stable average tunneling current,I dc
~hereI dc51.5 nA!, is established. For this measurement t
current modulation and the average current were measu
with the internal pre-amp of the STM. For comparison
derivative ofI contact is included in the graph. All curves are
normalized to one.

The transient signal in tunneling mode,I tunnel, has an
amplitude that is about a factor of 100 smaller compared
the contact measurement. Like the tunneling mode sign
observed in Ref. 1, we observe a derivative of the transi
voltage signal. The rise time~10%–90%! of the tunneling
mode signal is 2.6 ps and the FWHM is 2.9 ps. The rise ti
of the contact signal is 2.7 ps and FWHM 5.2 ps. As in Re

FIG. 3. Testing the spatial resolution of the modified tip, STM image of t
surface of a gold transmission line in constant current mode. The black
represents a length of 200 nm.

FIG. 4. Comparison of the measurement in contact,I contact, the derivative,
]I contact/]t, and the measurement in tunneling mode,I tunnel, I tunnel is mea-
sured with an average tunneling current of 1.5 nA. All signals are norm
ized.
J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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.1 and 3, we observe a linear relation between the dc tunn
ing current~over a range of 0.25–5 nA! and the amplitude of
the transient signal~Fig. 5!. We measure a signal shape tha
is completely independent of the magnitude and the polar
~with respect to the transient signal! of the dc tunneling cur-
rent. Due to the good signal-to-noise ratio in these measu
ments we can also carefully investigate differences betwe
the derivative of the contact signal,]I contact/]t, and I tunnel.
These two signals start to differ noticeably from each other
a time delay of 5 ps after the initial peak~15 ps delay in Fig.
4!.

Before interpreting the results by means of an equivale
circuit we point out some experimental details specific fo
this measurement. The average current and the modula
current were measured with a single pre-amp. The amplifi
was connected to the tip through the photoconductive swit
~left strip in Fig. 1! and the line with the tip was floating.
~Floating here means that the tip is only connected throu
the substrate to virtual ground of the pre-amp.! The amplifier
is the standard current voltage converter of the commerc
STM instrument. Pump and probe beams were modulated

ar

l-

FIG. 5. Comparison of tunneling mode measurements for different avera
tunneling currents,I dc . All signals are normalized and an offset is added
The dependence of the maximum amplitude~at t'9 ps! on I dc is shown in
~b!.
2931Keil, Jensen, and Hvam
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about 4 kHz. The modulation frequencies were kept ab
the cut-off frequency of the feedback loop and below
cut-off frequency of the pre-amp.

For the interpretation of the signals we consider
equivalent circuit depicted in Fig. 6. For closely spaced t
neling junction and photoconductive switch, junction a
switch can be regarded as lumped elements@Fig. 6~a!#. In our
case the time resolution of about 2 ps is smaller than
propagation time of approximately 3 ps~for a total distance
of 300mm! between junction and photoconductive switch.
this case@Fig. 6~b!# the characteristic impedances of the
wire, Zw , and the CPS,ZCPS, have to be considered.

12 If the
capacitive contribution at the tunneling junction is domin
ing, thenCt andZw form a differentiator. In contact mod
the ohmic contribution is dominating andRt andZw form a
voltage divider or attenuator. The transitions from tunnel
or contact junction to wire and wire to CPS both form im
pedance mismatches resulting in attenuation and reflectio
the signal. The delayed pulse reflected at theZw/ZCPS tran-
sition and then at theZw/RtCt transition is in fact observed
in Fig. 4 as a second bump in the contact measuremen
this sense, also the deviation from the derivative for lon
delay times can be interpreted. The reflection at theZw/RtCt

should be stronger in the tunneling case whereRt is signifi-
cantly bigger thanZw . The reflected signal is, therefore
more pronounced in the tunneling measurement.

The measurement shown in Fig. 7 is taken with a mo
fied setup using two preamplifiers. Here, the gated curren
measured with a second, external, pre-amp. The internal
amp controlling the feedback loop is directly connected
the tunneling tip via the other strip of the transmission li
~see Fig. 1!. In this case the tip is not floating, but connect
to virtual ground of the internal pre-amp. Figure 7 shows t
the transients for contact mode, contact mode derivative,
tunneling mode behave qualitatively exactly like the me

FIG. 6. Equivalent circuits:~a! photoconductive switch and tunneling junc
tion as lumped elements~b! photoconductive switch and tunneling junctio
separated by tip wire~Zw! and transmission line impedance~ZCPS!. Vin is the
input signal on the sample CPW,Rt , the tunneling resistance,Ct , the ca-
pacitance of the tunneling junction,Rs(t,t) the real and delay time depen
dent switch resistance, andCs , the switch capacitance.
2932 J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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surements with a floating tip in Fig. 4. However, first resu
show that the amplitude dependence observed in Fig. 5~b!
disappears. Groeneveldet al.6 have pointed out that the float
ing tip explains the observed amplitude dependence. The
modified detection scheme@as depicted in Fig. 6~a! and 6~b!#
enables only the measurement of a dc current and this
current can only be drawn throughRt . By connecting a sec-
ond pre-amp, additional current paths become possi
These experiments are in progress and will be repor
separately.13

In the following we use again the ‘‘floating tip’’ setup
In contact mode the gated tip represents a freely positiona
photoconductive tip.14 Particularly in this mode, the fiber il-
lumination of the photoconductive switch enables the m
surements of voltage transients spatially resolved. We d
onstrate this ability by measuring the mode structure of
electrical pulses which is, again, generated by optically
citing the in-line gap in a CPW. In the measurements sho
in Fig. 8 the CPW has a contact width and spacing of 5mm
and the tip is moved by 10mm perpendicular to the lines
between the measurements. Figure 8~a! shows the measure
ment in contact mode and Fig. 8~b! in tunneling mode. As
expected, the signal on the center~or signal! line is the stron-
gest. The asymmetry between top and bottom electro
shows that part of the signal is generated by photo indu
carriers between the lines and not just in the in-line gap. T
measurement indicates that the pump beam was not exa
centered on the CPW. For the measurement in tunne
mode only bottom and center line measurements are sho
Again the signal is strongest on the center line. Qualitative
both measurements resemble the derivative of the respec
contact measurement. However, the amplitude ratio~center
to bottom signal! changed from a factor of 5 in contact to
factor of 2 in tunneling. This result indicates that in tunnelin
mode part of the signal is picked up from the center lin
Although this interpretation requires further investigation,
means that the spatial resolution is, in this setup, better in
contact measurement and that in the tunneling measurem

FIG. 7. Measurement with two preamplifiers. The internal preamplifier, c
trolling the feedback loop, is connected to the tip-side of the transmiss
line ~right side in Fig. 1!. A second preamplifier, measuring the modulate
signal, is connected to the other side of the PCS.I contact, ]I contact/]t, and
I tunnel are shown for comparison. All signals are normalized.
Keil, Jensen, and Hvam
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part of the signal is capacitively coupled from the center l
to the tunneling tip hovering above the bottom line. An i
teresting result is that the amplitude observed in tunne
mode is a factor of 2 larger on the center line compared
the bottom line. This is also the ratio in which the field
distributed on a CPW for dc bias or a TEM mode. Th
behavior indicates that the probe, in fact, acts as a ‘‘f
field’’ electric field probe and does not measure a volta
change localized in the tunneling region. In other words,
lateral ~perpendicular to propagation! spatial resolution for
voltage pulses on transmission lines is better in contact m
than in tunneling mode.

Another measurement that resolves the capacitive na
of the signal is shown in Fig. 9. Here the measurement
performed with a tip wire that was incidentally bent. Th
wire was oriented parallel to the sample CPW with the
pointing away from the gap, i.e., the contact or tunnel
junction was further down the propagation path than the
bend. If we now compare the derivative of the contact m
surement with the tunneling measurement, we see a sig
cant shift of the tunneling signal towards shorter delay tim
The intuitive explanation for this result is that the signal
tunneling mode is capacitively picked up by the bent w
before the pulse reaches the tunneling region. This re
demonstrates that the transient signal in tunneling mod
due to a capacitive coupling which is not necessarily loc

FIG. 8. Position dependent measurements on CPW:~a! in contact mode,~b!
in tunneling mode. The amplitude ratios for center to bottom electrode
nals are 5 in contact mode and 2 in tunneling mode.
J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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ized in the tunneling region. With the bent tip the tunneli
regime and the main capacitive coupling regime can be s
tially separated.

IV. SUMMARY

We present a fiber coupled, photoconductively ga
STM. We show that the spatial resolution with a fiber a
tached to the probe is on the order of 10–20 nm with
simultaneous time resolution. We demonstrate and use
ability to freely position the tip on the sample. By having
fixed illumination of the probe photoconductive switch w
achieve an excellent reproducibility of the tip behavior ind
pendently of the scanning position. The mode structure o
pulse propagating on a CPW can be resolved in con
mode.

The signal shape in tunneling mode resembles the
rivative of the contact mode signal. This signal shape can
explained for a probe design where tunneling junction a
photoconductive switch can not be considered as lumped
ements, i.e., where the junction-switch propagation time
ceeds the time resolution. By comparing the derivative of
contact signal with the tunneling signal we can identify
signal caused by reflection from the tunneling tip wire. Fo
‘‘floating tip’’ we observe a linear relation between the d
tunneling current and the amplitude of the transient sign
First results show that this amplitude dependence disapp
when the tip is directly connected to virtual ground of t
current pre-amp. The qualitative signal shapes, however,
the same in both configurations. By comparing contact a
tunneling measurement on adjacent electrodes in a copl
waveguide, we observe the first direct evidence of the lat
spatial resolution limits of the USTM for measuring prop
gating electrical pulses. We do not observe evidence fo
transient tunneling signal. All measurements can be
plained by a long-range capacitive coupling. The coupl
range in our case appears to be determined by the exten
of the field in the sample. It would thus be interesting to t
the instrument on a structure with a strongly confined elec
field.

-

FIG. 9. Measurement with a tip bent in propagation direction~see inset!.
I tunnel exhibits a shift towards earlier delay times with respect toI contactand
]I contact/]t. All signals are normalized.
2933Keil, Jensen, and Hvam
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