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A circuit for measuring the gap voltage of a scanning tunneling
microscope on a nanosecond time scale
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We demonstrate a new circuit design for fast measurements of the voltage drop across the gap of a
scanning tunneling microscopSTM) based on the simultaneous operation of two different
amplifiers. The first is a fast instrumentation amplifier, sensing directly the voltage drop across the
tunneling barrier, the second is a medium speed current amplifier with an overall gaifi\¢fA10
suitable for normal STM operation. We obtained a time resolution of 10 ns measuring the plasma
ignition under a STM tip during illumination with an intense 10 ns laser pulse. Possible applications
include the study of STM point contacts. €999 American Institute of Physics.
[S0034-67489)00504-3

I. INTRODUCTION order of @)) limit the bandwidth of any current amplifier to
about 1 MHZ'*~%® Indeed, one can observe large transient
The temporal response of scanning probe microscopesurrents even with a slow amplifier, but it is difficult to de-
(SPMs is usually limited to a few milliseconds. On the other cide which origin such signals may have. We, therefore, tried
hand, technology steps towards device dimensions far beloww measure directly the voltage drop across the tunneling gap
100 nm and operating speed beyond GHz. Thus, the combwith a commercial instrumentation amplifier, operated simul-
nation of high lateral and temporal resolution in SPM be-taneously to the current amplifier. With this arrangement we
comes more and more important. Recently, several grougeund quantization steps in the gap resistance, suggesting
have addressed this problem. One approach is the use sfrongly that the current transients result from a mechanical
short laser pulses in a pump—probe setup, utilizing nonlintip—sample contact that occurs during the illumination due to
earities in the tip—sample interactigfor example, thelV  a thermal expansion of the tip.
curve of a scanning tunneling microsco®TM) or the The temporal resolution of these measurements was lim-
force—distance characteristic of an atomic force microscop#éed to about lus, mainly because of the intrinsic bandwidth
(AFM)].LZ Microwaves have been used instead of pulsedf the commercial instrumentation amplifier. In this article
lasers, tod® Finally, inserting photoconductive switches we present an improved version, built with discrete compo-
into the signal path in connection with pump—probe tech-nents, which allow us to increase the bandwidth consider-
niques can provide high time resolution as WéllVith these ~ ably. In Sec. Il we describe in detail the design and principle
methods it is possible to achieve picosecond time resolutior?f operation of the amplifier and present in Sec. Il some
For many applications such an ultimate speed is not nedﬁSU'tS, demonstrating its properties in measuring fast tran-
essary and, therefore, the expense of the pump—probe metfient electronic signals with the STM.
ods is not justified. Additionally, the pump—probe technique
is not much useful, if the signal to be measured is not repeti-
tive. Thus, if one wants to record the complete time respons8- CIRCUIT DESIGN AND PERFORMANCE TESTS
of the system for each single shot, pure electronic measure-
ment techniques are preferable. For example, there has 8on
cently been a discussion about the mechanism of the SQple
called FOLANT technique(short for “focusing of laser
radiation in the near field of a tip’, which was proposed as
a method for nanostructuring of several different

materials’ Thereby the tip of a STM or AFM is illumi- We decided to use the “classical” scheme of current

nated with an mtt_anse_nan_osecond laser pulse. The r_eIeanénSing: a 500@R metal film resistor is placed in series with
thermal a”O_' possibly field-induced processes responsible f%e tunneling contact and a noninverting amplifier with a
the structuring are ex_pectgd to occur on the time scale of th&ain of 200 is then used to amplify the voltage drop across
laser pulse. O_n the fII’S.t sight the OF’V'OUS way would be 9he resistor. The overall gain of the circuit is approximately
look for any signature in the tunneling current, but the ex-y 8\ This configuration allows a current of A to flow
tremely high source impedances and small currents norma"éﬁuring a tip—sample contact at a bias voltage of 500 mV
involved in scanning tunneling microscogysually in the  which is still convenient for a proper STM operation under
ambient conditions resulting in a voltage drop of approxi-
dElectronic mail: michael.ochmann@uni-konstanz.de mately 25 mV across the expected point contact resistance of

Figure 1 shows the principle of our combined amplifica-
system. The tunneling resistance is depicted as a vari-
resistor, which is a function of the applied bias voltage,
the selected tunneling currefwe assume a constant-current
operation modg the electronic properties of tip and sample,
and time.
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FIG. 1. Principle of the amplifier. An instrumentation amplifier measures

the voltage drop across the tunneling resistddepicted as variable resistor T . . _
Ry). The lower part of the circuit is a common current amplifier used to range is limited to about-0.9V, which is sufficient for

operate the STM in constant-current mode. STM operation on metals and most semiconductors under
ambient conditions.

The voltage difference measured by the amplifier in the
2e’/h=12.9 K). This voltage drop is sufficient to be sensed case of dc signals could be obtained by applying the formula
by the instrumentation amplifier which will be described be-for a voltage dividerFig. 3):
low.

For the current amplifieflower part of the circuit in Fig. \V;
1) we choose the OPA637 operational amplifi@pamp
from Burr—Brown, because it combines high input imped-with V, the bias voltageR,, the measuring resistor of
ance(up to 132(), low offset voltage(about 100uV), and 500 K2, andR, the gap resistance. It should be noted that the
a unity-gain bandwidth of 80 MHz. Because of the high volt-instrumentation amplifier is naturally not sensitive in the
age gain the input offset voltage of the opamp and noise arease of very high tunneling resistances, because almost the
much more a problem as with the transimpedance-typeomplete bias voltage drops across the gap. Each of the
amplifier’* A stable and precise offset voltage trimming is opamp input terminals exhibits a small but not negligible
essential in this application. capacity, depicted in Fig. 3 a§; and C,,, respectively.

We obtained an almost ideal low-pass frequency reSinceC, is driven by the low impedance voltage soukég
sponse with a cutoff frequency of 180 kHz. The amplifier'sit can be neglected for the following calculatid®,, is domi-
noise amounts to approximately 25pAwithin the band- nated by the input capacity of the opamp, which is in the
width of the STM feedback loofabout 1 kHz. This is well  order of 1 pF. The second important capa@yin parallel to
suited for high-resolution topographic imaging. the tunneling resistor is a sum of the geometric gap capacity

We will now focus the discussion on the more importantC and the stray capacitg of the instrumentation ampli-
part of the circuit, the instrumentation amplifier. The basicfier. The capacity of the tunneling junctiddy, typically in
demands for this device are similar to those mentioned above order of 10 pF, can be neglected, but n6t, which
for the current amplifier: high input impedance to minimize amounts to approximately 0.1 pF.
current leakage out of the signal path, low offset voltage, low  The absolute value of the voltage difference measured
noise, and high speed. There are some excellent monolithisetween the input terminals of the instrumentation amplifier
devices available which fulfill the first three points almostis then given by
completely. We tested the INA110 from Burr—Brown, a
JFET input, very precise monolithic instrumentation ampli-  , VA Rl wC, ‘
fier. With this device we conducted the gap resistivity mea- 9ep RI1iwCy+ Ryl i wCr|
surements mentioned in the introductidrtowever, due to
the limited response tim@bout 1us) it was not possible to
make any statements about processes occurring on a faster *
time scale. 4

For this reason we applied the circuit depicted in Fig. 2, Ry —
which is built around the OPA655, a 400 MHz JFET opamp,
and follows the classical scheme of a three-opamp instru- Cr— *
mentation amplifier. This circuit is described in detail in the
datasheet for the OPA658 thus we will only review some R =
properties which are important for our special application.
The differential gain of the amplifier is 1.5 when applied to d
an impedance matched 30 load, a fast digitizing oscillo-

scope in mOSt cases. All resistors are 0.1% metal_ﬁlm tyPegiG. 3. High-frequency equivalent circuit of the system. Typical values for
resulting h a 2 mVvoltage offset. The useful input voltage the tunneling resistandg, are between® and Q).

FIG. 2. Schematic diagram of the fast instrumentation amplifier. All resistor
values are given iff).
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FIG. 4. Calculated frequency response for several combinatioRs/é%,, .
The curves are essentially flat for high frequencies.R,=100 MQ, (b) FIG. 5. Time responsesolid line) of the instrumentation amplifier measured
R=10MQ, (c) R=1 M, and (d) R=100K). C,/C,=0.1 andR,, with a plasma ignition. The slew rate is in the order of 100 mV/ns for a full
=500 K). scale signal. The laser pulse is shown as dotted line for comparison.

[The symbolll denotes the parallel resistance, i.B4IR,
meansR;R,/(R;+R,)]. After some simple algebra one ob-
tains the transfer function of the circuit:

electrochemically etched tungsten wireas retracted by

about 0.1 mm against a copper plate and held at ground
potential. A plasma ignition could be clearly observed visu-
ally. Figure 5 shows a typical example of the signals we

2

w
R I+ = observed. Despite the obviously very complicated processes
a m . . . g ape g
G(w)= \fbp— RTR 7 AT CIC) involved in such a plasma ignition, the amplifier exhibits a
W TR R)Z (3)  slew rate of roughly 100 mV/ns for a full scale signal and no

significant ringing or overshots. This agrees well with the

bandwidth calculation in the last section. Additionally, the
with wy,=1/R,Cr. This expression reveals a very interest- device has proven to be very useful for fast measurements of
ing property: If we choose the ratio of the capacities equal tdhe thermal expansion of the tip under tunneling conditions,
the resistivities, i.e.C,/C,=Ry/R;, We obtain a complete showwllg essentially the same time resolution as stated
frequency compensation of the circuit as described by th@bove.

pure resistive voltage divider in E@l). Although not appli- As a second application of our device we tried to repro-
cable in our experiments, wheR, varies essentially, one duce the point contact measurements observed with the

may “trim” the frequency response of the amplifier for a INA110 as dgscribed in the Iast_ seption. I_ndeed, we fpund
specific tunneling resistance to every desired flatness. ~ the quantization steps as shown in Fig. 6 with a mechanically
Figure 4 showsG(w) for several values oR, (and  Cut silver tip on a gold substrate &t;=—700mV. This

C,/C=0.1 as explained aboyeln all cases we find an bPehavior is well known to occur during the breaking of a
almost flat high-frequency response. Thus, the bandwidth gietallic point contact?~?* Although the input properties of
the whole circuit is only limited by the intrinsic bandwidth of the discrete setup are clearly not as precise as the monolithic,
the instrumentation amplifier. In particular, there is no gain
peaking, which improves the step response of the amplifier

considerably(see Sec. ). ' ' ' ' ' ' ' b
We installed our amplifier within a home-built STM YT
with optical access. The complete amplifier resides inside the  -10F WW g
base of the STM, therefore, all necessary cables are noig » - 133
longer than approximately 2 cm. E p
o 30 '
]
Il. RESULTS 'S «of 3
Q.
The bandwidth of the instrumentation amplifier alone & -sof E
was found to be slightly above 100 MHz. In order to test the
time resolution of the complete circuit and to give a possible B} E
application of the device we looked for a physical process 0 100 200 300 400 500 600 700 800
that shows the capabilities of the amplifiarsity, i.e., inside time (ps)

the STM environment, and occurs on the smallest possible

; ~ QG. 6. Breaking of a metallic point contact: quantized resistance steps
time scale. Thus, we focused pUIseS ofa frequency double easured during the retraction of the STM tip. The horizontal lines indicate

Nd:YAG laser at 532 nm with an energy of about 80 MJ/ihe resistance values of 12.9kn. The numbers on the right give the cor-
pulse and 10 ns duration into the gap region. The(dp respondingn. Vy,=—700 mV.



we obtained a resistance resolution of about(1 lknited
only by noise.
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