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Scanning tunneling microscopy in its conventional form relies on a steady state tunneling current
of 10!12–10!6 A. However, for various applications, it is desirable to reduce the current load to a
minimum. Here, we present first experiments using a cooled junction field effect transistor in open
gate operation, thereby reducing the DC-current to less than 10!19 A. This enables almost ideal
measurements of the local electrochemical potential on a surface. Various methods applying
dynamic modes can be used to maintain a constant distance between the scanning probe and the
sample surface. Here, we use an AC-bias applied to the sample and a lock-in amplifier connected
to the preamplifier to evaluate the conductance of the tunneling gap. Published by AIP Publishing.
https://doi.org/10.1063/1.5054349

The field of scanning probe microscopy was strongly
stimulated by the invention of scanning tunneling micros-
copy (STM) which enabled atomic resolution on a flat sur-
face in real space for the first time.1 Since then, various
forms of scanning probe microscopes have been developed
based on different interactions between the probe and the
sample surface. Most prominent is scanning force micros-
copy using sensors which are able to detect the forces
exerted on the scanning probe tip.2 In the present paper, the
possibilities of a junction field effect transistor (JFET) sensor
providing an electrometer with almost infinite impedance
will be discussed. It enables us to evaluate the local electro-
chemical potential lEC with a minimal current load on the
sample surface which is well below the limit of conventional
techniques.

Another STM related scheme is scanning tunneling
potentiometry (STP), which was presented by Muralt and
Pohl.3 Thereby, it is possible to evaluate the local electro-
chemical potential at the position of the sample which faces
the tip of a scanning tunneling microscope. The bias voltage
at the sample is varied until the average tunneling current
vanishes. The corresponding bias voltage corresponds to the
local electrochemical potential. To enable scanning probe
microscopy, the distance between the probe and the sample
has to be controlled. Slightly different techniques were
developed.4–10 Most techniques rely on an additional alter-
nating bias voltage, which leads to an AC-component of the
tunneling current (IAC) remaining at zero DC bias. Since it
exhibits the same exponential distance dependence as the
DC-tunneling current, it can be used to adjust the distance
between the tip and the sample in analogy to conventional
STM.

Recently, we have shown11 that by using a conventional
junction field effect transistor (JFET) at low temperature
(<150 K), an electrometer with a resolution of 10 mV at a

bandwidth of 10 kHz can be built, which has almost no static
input current (<10!19 A). Hence, this sensor is ideally suited
to perform scanning tunneling potentiometry (STP) because
it exerts no load on the source, and the influence of the probe
on the electrochemical potential to be measured will be
minimal.

For the experiment presented in this paper, the JFET
(BF545 B) was combined with the tunneling tip of an ultra-
high vacuum low temperature STM on a small carrier, which
can be exchanged in situ. Figure 1 shows a schematic repre-
sentation and a photo collage of the carrier and the sample.

Figure 2 displays the circuit diagram of the electrometer.
The JFET is operated in an open-gate configuration, and only
the tip of the STM is connected to the gate. The output of the
JFET is connected to a current voltage converter with a gain
of 104 V/A. The drain voltage is adjusted by R1. The second
op amp (OA2) subtracts the drain voltage. The gain of the
open gate electrometer given by the transconductance of the
particular JFET and the I-V converter is dUout/dUin¼ 24.

Since the gate of the JFET is formed by a pn-junction,
there is no risk of harmful charging if no signal is applied. If

FIG. 1. (a) Schematic drawing of the experimental arrangement and (b) the
photo composition of the JFET sensor for application in a low temperature
scanning tunneling microscope. The metallic plates and rods connect the source
and drain of the JFET sensor to the STM setup. The tunneling tip is directly
connected to the gate of the JFET. Reprinted with permission from Graf et al.
Rev. Sci. Instrum. 88, 084702 (2017). Copyright AIP Publishing LLC 2017.
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the gate voltage is outside of the operating regime, either the
forward or the Zener-current limits further charging of the
gate. Hence, it is a robust configuration, and there is no need
for protecting diodes, etc., connected to the gate. Since only
the JFET itself has to be cooled, it may be easily combined
with low temperature scanning probe microscopy (LT-SPM).
The JFET can be placed at a position in the setup which
resides at temperatures between 30 and 150 K. The dissipa-
tion by Joule heating is only about 1 mW.

For conventional STM, one cannot use the JFET-sensor
because it is not possible to maintain a constant operational
point of the JFET if a constant unidirectional current flows to
the input of the open gate charge amplifier. Figure 3 shows
the equivalent circuit for the combination of the sample, the
tunneling barrier, and input of the JFET. The tunneling bar-
rier given by the tip and the sample at a given distance exhib-
its a conductance of Stunnel / e!az in parallel to a parasitic
capacity Cgap given by the geometry of the tip and the sam-
ple which is on the order of 0.1 pF. z is the distance between
the tip and the sample, and a ffi 2$ 1010 m!1 is the inverse
decay length. The input of the JFET can be represented by a
capacity Cgate of about 4 pF.

To evaluate the voltage at the gate Vgate; we consider the
ratio r between the gate and the sample voltage

r ¼
Vgate

Vsample
¼

Zgate

Zgap þ Zgate
;

given by the impedance Zgate of the gate of the JFET and the
impedance Zgap of the tunneling gap. To facilitate the calcu-
lation in the following, we use the conductance which is the
inverse of the impedance and obtain

r ¼
Sgap

Sgap þ Sgate
:

The conductance of the tunneling gap is given by the sum of
tunneling conductance and conductance due to the capacity
of the tunneling gap

Sgap ¼ Stunnel þ Sgap capacity ¼ S0e!az þ ixCgap;

where x ¼ 2pf is the angular frequency of the AC sample
voltage and Sgap capacity ¼ ixCgap is the conductance of the
gap capacity. Using Sgate ¼ ixCgate for the conductance of
the gate capacity of the JFET, the ratio r of the gate to sam-
ple voltage is finally given by

r ¼
Stunnel þ ixCgap

Stunnel þ ixCgap þ ixCgate

¼
S2

tunnel þ x2 C2
gap þ CgapCgate

! "
! iStunnelxCgate

S2
tunnel þ x2 Cgap þ Cgateð Þ2

:

Figure 4 displays the real part (dotted red line) and the imag-
inary part (dashed blue line) of r as a function of the tunnel-
ing conductance for a range of 0 to 100 nS (a) and 0 to 10 pS
(b). For infinite conductance, the gate is directly connected
to the sample, r approaches a value of 1, and the signal is in
phase. For very low tunneling conductance, S2

tunnel may be
neglected and we obtain

r ¼
Cgap

Cgap þ Cgate
! iStunnel

Cgate

x Cgap þ Cgateð Þ2
:

For vanishing conductance, the real part of r is constant,
and the gate voltage is in phase with the sample voltage
because the equivalent circuit is a capacitive voltage
divider. However, the negative imaginary part starts line-
arly with the increasing tunneling conductance. If only the
range up to 10 nS is used, there is no ambiguity, and the
signal may be used for the feedback of the STM to maintain
a constant distance between the probe and the sample. For
the given parameters, it reaches a minimum at a conductiv-
ity of about r ¼ 30 nS. A stable operation of the feedback
loop requires a monotonous function of the gap distance.
Hence, only the range between 0 and of about r ¼ 10 nS
should be used.

Figure 5 shows how the open gate electrometer is imple-
mented in the circuit for scanning tunneling potentiometry.
To apply a superposition Vsample ¼ Vext þ Vmod of a constant
voltage and an ac modulation to the sample, the signal of the
internal oscillator of the lock-in-amplifier is modulated onto
the externally adjustable sample voltage. The operating point
of the JFET is defined by Vext ¼ ! 1:9 V; leading to an aver-
age source-drain current of 300 lA at a drain voltage of
2.8 V. To achieve stable tunneling, a modulation Vmod

¼ 0:05 Vrms at 1.21 kHz is added. The output of the open
gate electrometer is connected to the input of a lock-in-
amplifier. The imaginary component measured –90( out of
phase is fed into the feedback system and compared to a set
value which is equivalent to 120 lVrms at the gate of the
JFET. From Fig. 4(b), we can evaluate that this corresponds
to a tunneling conductance of 0.09 nS (a resistance of
11 GX) , which is low for normal STM operation and very
low for scanning tunneling potentiometry.

FIG. 2. Electric circuit of the open gate electrometer, reprinted with permis-
sion from Graf et al. Rev. Sci. Instrum. 88, 084702 (2017). Copyright AIP
Publishing LLC 2017.

FIG. 3. (a) Schematic representation of the tunneling gap and the JFET sensor
and (b) electric equivalent to (a). The tunneling junction can be described as a
capacitance Cgap in parallel to the tunneling conductance Stunnel.
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Since the gate leakage current of the JFET is completely
negligible, there is no net current between the tunneling tip
and the sample, i.e., the tunneling current to and from the
sample balance with a time constant sc ¼ Cgate

Stunnel
, which is typ-

ically on the order of a few milliseconds. Hence, the electro-
chemical potential of the tunneling tip becomes equal to the
local electrochemical potential of the sample. The voltage at
the tip is amplified by the open gate electrometer and mea-
sured at the output.

The local electrochemical potential may vary due a lat-
eral current along the surface or as in our case due to a tem-
perature difference. If the tip and the sample are at different
temperatures and there is zero bias voltage, there would be a
thermally driven current, which depends on the electronic
density of states and the fermi distribution for the tip and the
sample. In the case of zero external current, the tip will
charge till the thermally driven current is matched by the
tunneling current driven by the bias voltage. The latter is
commonly referred to as “thermovoltage” of the tunneling
barrier, see, e.g., Stoveng and Lipavsky.12 It is this voltage
which is measured in our experiment.

Prior to the experiment, a Cu(111) surface was prepared
according to common practice by repeated cycles of sputter-
ing with Arþ ions followed by annealing at 870 K. The tip
which is attached to the JFET was cleaned by field emission
in situ in the STM by placing it close to a sample surface and
applying a voltage of around –250 V to drain and source of
the JFET that leads to a forward current over the gate junc-
tion in the range up to 10 lA. A resistor of 10 MX was set in
series to avoid excessive currents. After this procedure, the
tip is sufficient clean to perform STM measurements.

Figure 6(a) shows that for an area of about 50$ 40 nm2,
the topography of a Cu(111) surface was measured by oper-
ating the feedback loop for the tunneling distance as

described above. The measurements have been performed at
about 80 K. Flat terraces and a few atomic steps can be iden-
tified. It is obvious that a stable operation of the scanning
probe microscope with a JFET sensor is possible. Figure 6(c)

FIG. 4. Ratio of output voltage to AC
sample bias as a function of tunneling
conductance. The dotted red line dis-
plays the real part, and the dashed blue
line displays the imaginary part (a) for
the range of up to 100 nS and (b) for
up to 0.5 nS.

FIG. 5. Schematic representation of the experimental setup.

FIG. 6. Scanning tunneling microscopy and potentiometry of a Cu(111) sur-
face at about 80 K. (a) displays the topography resulting from the feedback
loop using the imaginary part of the AC gate voltage of the JFET sensor and
(b) shows the DC part of the gate voltage which tracks the local electrochemi-
cal potential on the surface. A standing wave patterns is observed which is
related to the Shockley type surface state at the Fermi energy; (c) shows line
scans along the black and green lines displayed in (a) and (b), providing an
estimate for the resolution; the black dotted line shows the topography, and
the green continuous line shows the electrochemical potential.
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displays a line scan (black dotted line), giving an estimate
for the achieved resolution. It is limited by the stability of
the instrument in the same way as conventional STM and by
fluctuations introduced by the feedback loop for the distance.
Similar to other schemes for scanning tunneling potentiome-
try, the bandwidth of the feedback is reduced compared to
the standard STM feedback due to the more complicated
feedback scheme using a lock in amplifier.

Since the gate voltage of the JFET follows the electro-
chemical potential of the sample, the output of the electrom-
eter directly provides a signal proportional to lEC as long as
the signal is small compared to the working range of the
JFET which is about þ/– 50 mV. Figure 6(b) displays the
variation of the potential measured simultaneously to the
topography. The line scan in Fig. 6(c) shows the resolution
which is limited by the noise of the JFET.11 Again, this is
similar to the other techniques of scanning tunneling potenti-
ometry using a current-to-voltage amplifier, which rely on a
JFET at the input stage. Depending on the integration time,
i.e., the scanning speed, a resolution of about 10 lV can be
achieved at typical working parameters.

The potential displayed in Fig. 6(b) exhibits a modula-
tion which clearly shows the characteristic features of stand-
ing electron waves due to the reflection of the electronic
wave function at the step edges which are characteristic of
the Cu(111) surface.13 Since the potential of the probing tip
and the sample is equal, the electronic surface state is probed
at the Fermi energy. The Fermi wavelength is about 3 nm. In
the present measurement, the absolute square of the wave
function can be seen and hence half of the Fermi wavelength.
From previous experiments, we know that the tip is at a
higher temperature than the sample, leading to a thermovolt-
age at the tunneling gap. This has been observed experimen-
tally for various situations.9,14,15 The thermovoltage of the
vacuum barrier has been described theoretically by Stovneng
and Lipavsky.12 According to their calculations, the
observed variations are related to the derivative of the elec-
tronic density of states versus energy. This leads to a modu-
lation of the signal which roughly scales with the square of
the wave function. This is confirmed by the comparison of
the line scans in Fig. 6(c). The thermovoltage although corre-
lated with the local density of states is not in phase with the
topography, which displays the modulation of the local

density of states. Similar results have been published for the
thermovoltage on Au(111), Ag(111), and Cu(111).16,17

The experiments presented in this paper show that an
open gate circuit using a cooled JFET enables us to perform
scanning probe microscopy at very low tunneling conduc-
tance. Hence, it may be applied to samples which exhibit a
low conductivity. Moreover, it is ideally suited to perform
scanning tunneling potentiometry because the technique pro-
vides a direct measurement of the local electrochemical
potential at the sample surface. The ultimate high impedance
will allow local to study, i.e., the photo- or chemovoltage of
clusters, molecules, or nanoparticles. The method could be
ideally combined with dynamic force microscopy, providing
the feedback loop for the tip sample distance.

This work was supported by the Deutsche
Forschungsgemeinschaft through SFB1242 “Non-equilibrium
dynamics of condensed matter in the time domain.”
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