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Low noise current-to-voltage converter and vibration damping system
for a low-temperature ultrahigh vacuum scanning tunneling microscope

Laurent Libioulle,? Alexandra Radenovic, Eva Bystrenova, and Giovanni Dietler
Institut de Physique de la Matie Condense, Universitede Lausanne, CH-1015 Lausanne, Switzerland

(Received 24 April 2002; accepted 24 October 2002

The design of low-temperature tunnel current converters and the design of a low-temperature
damping stage for a scanning tunneling microso@REM) are presented. The current amplifiers are
able to measure very low tunnel currédown to 0.25 pA, while preserving a sufficient bandwidth

for topographic and spectroscopic measurements and with very low noise charact@stinsto

3 fAHz '?). The design of a compact low-temperature magnetic damping stage with a resonance
frequency of about 7 Hz, protecting the microscope mechanics against mechanical vibrations of the
cryostat is also described. The damped stage with the microscope mechanics is in contact with the
cryostat during cooling, while during the STM measurements, it is mechanically isolated00®
American Institute of Physics[DOI: 10.1063/1.1533100

I. INTRODUCTION damping stage very complicatéliBecause of operating at
low temperature, Viton-type materials have to be avoided for

In order to improve the stability of the tunnel junction damping stages and the use of long springs can make the
and of the atoms or molecules imaged by the tip, many lowdesign delicaté?
temperature ultrahigh vacuurJHV) scanning tunneling Most of the cryogenic systems use one or two external
microscopes(STMs) were developed:'? For high-quality ~ pneumatic suspension stages to filter the mechanical vibra-
STM measurements, one has to be able to measure smélhns but they are not efficient in eliminating the vibrations
currents, while reaching low-level tunnel current noise and groduced inside the cryostat itself. The situation is compli-
sufficient bandwidth. Therefore, the development of efficientcated by the acoustic noise, which is picked up by the sur-
current—voltagel(-V) converters is required. Very often, for face of the whole UHV system and transmitted to the STM
operation at low temperature, external amplifiers are conmechanics through the bellows and tubes. We will describe
nected to the tunnel junction through at least 1 m of coppethe way to reduce the mechanical noise by designing a com-
wire2 This connection picks up electromagnetic and me-pact low-temperature magnetic damping stage, which pro-
chanical noise due to temperature fluctuations and cryosté€cts the tunnel junction from the vibrations of the cryostat
vibrations, but the most limiting factor is the drastic increaseproduced by the boiling of the cryogenic liquid inside the
of the capacitance of the line. Therefore, reaching a bandank.
width of few hundred Hz for tunnel currents in the range of
pAis a challenge. Few cryoamplifiers have been successfullil. ROOM-TEMPERATURE PREAMPLIFIER DESIGN
designed®~1°but most of the time at the cost of less flexibil-
ity for changing from one tunnel current range to another
Special electronic components have to be selected with gre
care in order to dissipate heat as low as possfbind to
work properly especially in the case of liquid-helium
temperaturé/-18

In this article, we will describe the design of external
room-temperature preamplifiers managing tunnel curren
ranging from 0.25 pA to 50 nA, having a sufficient band-
width for topographic and spectroscopic measurements, a
presenting very low noise characteristics. Afterward, we will
present a way to further reduce the thermal noise of the feeca
back resistor of the converter, by placing only this resistor i
contact with the cryostdf close to the microscope while
keeping sufficient bandwidth. By this simple way, we trans-

form the room-temperature amP"f'er to a so_—called “IC_)W' the scanning time is increased, making an STM image more
temperature” amplifier. Concerning the vibration damping, sensitive to thermal drift and mechanical vibrations. An easy
cryostats and shielding system render the design of the STM,ehod 1o increase the bandwidth, while keeping the noise
level as low as possible, consists in the introduction of an RC
3Electronic mail: laurent.libioulle@ipmc.unil.ch feedback networ®?? in order to exactly compensate the

The tunnel current flowing from the biased tip toward
the sample has to be amplified and converted to a voltage.
Ef’t‘nis is done through a measuring resistor across which a
voltage drop takes place. The resistor could also be a feed-
back resistor of an extremely low bias current operational
amplifier. Measuring pA current leads to the use of resistors
ranging at least from 1 to 10 However, the major prob-
Item turns out to be the shunt capacitance associated with the
feedback resistor. This capacitance is in the range of 1 pF
d will limit the bandwidth of the preamplifier to about 150
z in the case of 1 Q feedback resistor. The limited band-
vidth of thel -V converter will reduce the maximum scan-

scopic measurementgor worse, it will increase the
amplitude needed for the modulating signah both cases,
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FIG. 1. Electronic diagram of the room-temperatl#é&/ converter. The RC
feedback network is introduced in the feedback loop to compensate the
shunt capacitance of the large value feedback resigtarThe converter is

a two-stage amplifier. The gain of the second stage is always fixed to 10,
whereas the gain of the first stage ranges frorh th010". For the first
amplifier type, see Table I. In the case of the low-temperature converter, the
feedback resistoRy, is fixed to the cryostat as indicated in the inset.

shunt capacitance of the feedback resistor. We have designed
our |-V converters as a two-stage amplifier. In Fig. 1, the
basic configuration of such an amplifier is presented. FOUFIG. 2. STM image of a 200 A 200 A Ag(11) surface. The scale of the
different amplifiers have been prepared, each of them Spémage is0.5 A,. from ble}gk to white. The tip is made out of iridium wire. The
cially designed for one range of tunnel current and coverin tunnel measuring coantlons were 3 mV b|a§ voltage, 100 pA tunnel current,
) A nd 18 converter gain with feedback resistor at room temperature. The
at least 2 orders of magnitudes of current variation. In Tabl&yrface state electrons of the A41) are confined in the direction perpen-
[, the values of the needed components are given as well afcular to the surface plane. The surface state electrons form a clearly visible
the measured noise as a stand-alone device. For the RC cofifanding wave pattern around defects and impurities.
pensating network, we have wsa 1 M) resistor to negli-
gibly modify the value of the feedback resistdess than trum of the preamplifier output was measured with the feed-
1%). In the case of ideal compensation, the RC product irback loop open. The spectrum is shown in Fig. 3 with the tip
the compensating network has to be equal to the product ah tunnel condition(curve ) and retractedcurve 2. The 25
the feedback resistor and its shunt capacitance. Toward thf& Hz *? base line measured as a stand-alone amplifier
end, firstC value is estimated from the converter bandwidth(Table |) fit the spectrum nicely in the case of retracted po-
without any compensation and, subsequently, is experimersition, indicating that the entire UHV system is not adding
tally adjusted to insure a large bandwidth. Th&f, is in-  noise to the converter. In tunnel conditions, the clear devia-
serted and its value adjusted in order to cut the highestion from the base line indicates that tip stability, thermal
frequency noise resulting from the perfect compensation ofirift, mechanical vibrations, and acoustic noise all contribute
the shunt capacitance. to the tunnel current noise. The largest components range
Figure 2 presents a typical 2004200 A unfiltered  from 0 to about 50 Hz and are probably mostly generated by
STM image of a silver surface Atj11). The sample tempera- mechanical vibrations of the nitrogen tank. It becomes clear
ture was maintained at 50 solid nitrogen and the iridium  from the comparison of the converter output spectra, that the
tip?3 was biased with 3 mV. Th& scale of the image is 0.5 A mechanical stability of the tunnel junction should be im-
from black to white and no bias modulation technique wasproved in order to reach more stable conditions. This clearly
used to improve the contrast. We can clearly distinguish théndicates that the addition of a low-temperature damping
scattering by impurities and defects of the electronic densitygtage is one key element to improve the tunnel junction sta-
of state corresponding to the surface state electrons confindility. We will describe this point later. However, one can
in the two-dimensional plane. On the same surface the spealso reduce the base line noise level. This noise is generated

TABLE |. Values and characteristics of each electronic component used to build the tunnel current converters. The gain rangéstdrd@*1dhe
bandwidth was measured by applying a sinusoidal signal witHf &Y eesistor to the input, while the peak-to-peak noise was determined from the oscilloscope
trace. The rms current noise over the bandwidth is calculated from these values.

Cp c* C Bandwidth Noise Noise rms

Gain Amplifier R (PP R C (pP) (nP (Hz) (mV ptop) (fAHz 1?3
T=300K

10° OPA111 10 M) 5.6 6.2 25K <1 71

10° OPA111 100 M) 2.7 1 MQ 82 pF 220 6.2 1.3 K 2.5 25

10t° OPA128 13 1 MQ 680 pF 330 68 500 6 9.5

101t OPA128 10 G) 1 MQ 2 nF 100 150 370 15 2.8
T=50K

104 OPA128 1@ 1 MO 6.8 nF 220 68 ~350 ~15 3
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— 71— in thermal contact with the cryostat and as close as possible
] to the microscope. The resistdr,which is encapsulated
within a ceramic tube is glued on a sapphire plate. This sap-
phire plate provides very good thermal contact with the wall
of the cryostat and excellent electrical isolation. The feed-
back resistor, placed at low temperature, is thus electrically
connected to the converter electronics working at room tem-
perature. Only one additional UHV electrical feedthrough is
needed to operate the converter in the low-temperature
mode. The original connection from the tunnel junction re-
mains unchanged. One side of the low-temperature feedback
resistor is permanently connected to the tunnel junction, as
close as possible to the STM body, whereas the other side of
o 10 200 300 400 500 600 this resistor is connected to the additional electrical
frequency (Hz) feedthrough(see inset of Fig. )L In order to operate at dif-
6.3 Noi ¢ the Laal § | condit ferent gains, several low-temperature feedback resistors can
o5 b v 100 e comira AL sempie s D permanenty connected o the tunnel junction and each of
(curve 3 and in retracted positiofcurve 3. The 25 fAHZz 2 base line  them needs to have its own isolated electrical output. The
nicely fit the noise spectrum of the retracted tip, whereas in tunnel condichange from one gain to another is made by selecting the
tions there is_ a cle_ar d(_eviation from \_Nhite noise attribute_d to acoustic ”Oi%orresponding output feedthrough. We point out also that this
Z(r:\ivzr;edc.hamcal vibrations of the nitrogen tank on which the cryostat 'Sconfiguration allows one to continue to use a normal room-
temperature converter, since the original tunnel current
feedthrough is unchanged, and to switch to a low-
temperature configuration only when the noise has to be re-
quced to an extremely low level. In our microscope, one
c1ow-temperature resistdl G()) was permanently connected.
In the case of normal measurements, no additional noise
coming from the unused low-temperature feedback resistors
I shor= (214 Af Y12, (1) has been detected if the unused electrical feedthrough is sim-

On the other hand, th@ohnson noiseesults from the ther- ply shielded by a BNC cap to avoid pick-up electromagnetic

mal motion of electrons through the feedback resistor. Thid!0'se- Compared to the usual room-temperature converter,

noise depends directly on the temperaftirend for a resistor the rz?ddlmon of new electrlcql wwe(ﬁromfthe tuhnnel ]u_nctlon
Ris given over a frequency intervalf by to the low-temperature resistor and from that resistor to a

" new electrical feedthroughiesults in an increase of the total
 Johnsor= (4kgTAT/R) ™% (2)  shunt capacitance. We have estimated that the resulting ca-

Reducing the temperature of the resistor will directly lowerPacitance is in the order of 10 pF for low-temperature con-

the Johnson noisef the feedback resistgwithout affecting ~ nections. However, the adjustment of the value in the RC
the shot noisg and, subsequently, will reduce the measured€eedback network makes it easy to compensate this increase
noise at the output of the preamplifiers. of the shunt capacitance, allowing us to maintain the band-

width for low-temperature converters. The new values of the
. i P
IIl. LOW-TEMPERATURE PREAMPLIFIER DESIGN RC network needed for keeping the bandwidth of thé®10
low-temperature converter are indicated in Table | in the case
The main idea for designing low-temperature converterof 1 G( inside feedback resistor. It is more difficult to mea-
is simply to remove the feedback resistor from the room-sure the bandwidth at a low temperature than for a stand-
temperature converter box and to place it in contact with thealone preamplifier, but we evaluate the bandwidth to be
STM cryostat. The reason for doing this is that the feedbackarger than 350 Hz for a 20 gain.
resistor is the main source of noise, which can be easily In Table Il, we calculate the theoreticdbhnson noise
eliminated. The resistor is placed inside the UHV chamberand theshot noisefor a tunnel current ranging from 1 pAto

tunnel current noise (pA)
[=]
n

0.0t

by the measuring resistor inside theV converter and is due
to shot noiseand Johnson noisé*? The shot noiserelated
to the discrete nature of the current, makes the current
independent charges fluctuate around the mean Vgluwer
a frequency interval f as given by

TABLE II. Calculation of the theoreticalohnson noiseand shot noisefor the nominal current of each converter. The Johnson noise is evaluated at
room-temperaturé300 K) and at solid nitrogen temperatuf®0 K). The total rms noise corresponds to the theoretical limit of our two-stage converters.

Johnson noise Johnson noise Total noise rms Total noise rms
Current Output (300 K) (50 K) Shot noise (300 K) (50 K)
Gain (pA) (mV) (fAHz 17 (fAHz 17 (FAHz 17 (FAHz 1?3 (fAHz 17
106 10° 100 41 17 18 45 25
10° 107 100 12.8 5.2 5.7 14 7.7
100 10 100 4.1 1.7 1.8 45 2.5

10t 1 100 1.3 0.5 0.57 1.4 0.8
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FIG. 4. Experimental comparison between room-temperdtunere 1 and

Iow-temperature{curve 2 noise spectrur_n_ln the case of thel‘l_gam con- FIG. 5. Overview of the low-temperature magnetic damping stage. The
verters in exactly the same tunnel conditiggame Ir tip, 3 mV bias, and 10 . - .
STM stage is suspended by magnetic repulsion between two cobalt—

pA; same position on the A§00) sample. The 9.5 fA Hz Y2 noise base ; i

- samarium magnets and damped by four cobalt—samarium magnets through

line of the room-temperature converter corresponds to the measured value B ; B -
. - . an eddy-current damping mechanism. The STM stage is centered inside the

for the stand-alone converter reported in Table | and fits the noise spectrum

at high frequencyicurve 1, while at low frequency there are clear peaks cryostat body by six balls, which are held in place magnetically and which

appearing. These peaks are attributed to acoustic and mechanical vibratiofs. freely rolling on graphite rods and plates attached to the fixed and to the

of the nitrogen tank. The 2.5 fA H2'2 base line for curve 2 corresponds to mobile parts, respectively. The STM stage is completely _sh|elded by the
- S 18 cryostat body and could also be pushed in contact by turning the clamping
the minimum noise limit level for our low-temperature!@ain converter

. . . crew during cooling periods.
as reported in Table Il, calculated from theoretical values. The experlmenteﬁ g gp
noise spectrum is better fit wita 3 fA Hz 2 base line, corresponding to
about 1.5 mV peak-to-peak fluctuation signal at the output of the converter

as indicated in Table I. while the spring stage or pendulum system protects the mi-
croscope against very low-frequency vibrations. As was al-
1 nA and the resulting root-mean-squanes) noise is given ready mentioned, at low temperature, the stiffness of such
in the case of room-temperature and low-temperatbioeK) springs increases rapidly, making the damper less efficient,
converters. The theoretical noise level limit for a two-stagewhile Viton stages have to be completely ruled out. The most
10'° converter, as we have used so far, is 2.5 fAHMZat 50  simple solution turns out to be the use of one or two external
K. pneumatic suspension stages for damping the external me-
The comparison between the experimental noise speehanical vibrations and to design the microscope to be as
trum of a 13° room-temperature convertésurve 1 and the  rigid as possible. But this could not be enough, since the flow
spectrum of the equivalent low-temperature conveitarve  of cryogenic liquid and the bubbles appearing inside the
2) is shown in Fig. 4. The noise level has been lowered frontdewar remain a major source of noise. In order to improve
9.5 to about 3 fAHZzY? which is close to the theoretical the tunnel current stability, it is thus highly recommended to
limit of 2.5 fAHz Y2, At a low frequency(roughly below 50 mechanically isolate the STM head from the cooling stage.
Hz), we see clearly that the noise level of the low- Spring damping stages, especially designed for working at
temperature preamplifier is rising up from the base level tolow temperature, have already been descfiiédnd special
ward the room-temperature noise spectrum. As we have akpring material needs to be used. The corresponding reso-
ready seen in Fig. 3, this confirms that the origins of thisnance frequency for such systems ranges from 2 to 10 Hz.
noise are mechanical vibrations and instabilities. HoweverDne can also notice that increasing the length of metallic
imaging silver surfaces by STM using the cryoconverter hasprings is one way to keep the resonance frequency of the
demonstrated that the image quality was improved becausgamper as low as possible, but it will make the cryostat less
of this noise reduction. This improvement was estimated t@ompact. An other crucial point is the fact that through the
be equivalent to &-signal noise reduction of about 0.1 A in spring wire, medium- and high-frequency vibrations could
the case of scanning an AP0 flat surface. On the other propagate and reach the microscope. It would be desirable to
hand, the scanning speed, time constant, and gain of theave, at a low temperature, a damping stage with the char-
STM feedback loop remain the same, confirming that theacteristics of a room-temperature Viton stage, which filters
bandwidth of the cryoamplifier was maintained large enougHrequencies up to few kHz. However, we would like to keep
for standard imaging and spectroscopic measurements. the STM stage as small as possible, as stable as possible for
tip and sample exchanges and, at the same time, decoupled
from mechanical vibrations of the cryostat while keeping the
low working temperature. In order to meet all of these goals,
The room-temperature STM’s are generally isolatedwe have designed a low-temperature magnetic damping
from mechanical vibrations by springs and Viton dampingstage as shown in Fig. 5.
stages. Viton material is efficient against acoustic coupling, The copper STM stage, inside the copper body of the

IV. LOW-TEMPERATURE DAMPING STAGE DESIGN
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FIG. 6. Top view of the centering system using one 8 mm bearing ball, oner|G. 8. Picture of the STM stag@) and of the complete damping system
4 mm cobalt—samarium magnet, and two graphite pieces on which the bally). The magnetic damping cryostat described here is directly screwed at the
is rolling freely. The contact surface is minimized and only tt@oe on the  pottom of the cryogenic tank.
top and one on the bottgnover the six centering devices have a V-shaped
graphite rod, the others being perfectly flat.
turn and roll on the two graphite surfaces. Three centering

Wtaalls on the top of the STM stage and three on the bottom are
strong cobalt—samarium magnets, the first one is glued Oﬁnough to keep the STM stage perfectly aligned inside the

the mobile stage and the second one; on the cryostat. Th%yOSt"?‘t' During cooling, the STM stage is pushed into con-

mobile stage is centered inside the cryostat by six 8 mm ballfCt with (tjhe .I?%ttom Iplatedo:; the cr%/ostat by a cIamp|r_1|%

rolling on graphite surfaces and four large cobalt—samariuny° €W and wilt be released durng t e measurements. €
magnets attached to the mobile stage under the microsco obile stage will stay in thermal equilibrium with the sur-

provide eddy-current dampirfgThe copper body of the cry- rounding walls of the nonmovable parts. The resonance fre-
ostat is tightly screwed to the cryogenic tank in order toduency of the system has been_measured to be arou_nd / Hz
provide excellent thermal contact. by manually exciting the damping stage and detecting the

In order to transmit as low vibration as possible from theoscnlatlons with a coll in front of a magnet. The oscillations

tank to the STM through the cryostat body, as well as acous?'® completely damped in three to four periods. To charac-

tic noise from the UHV chamber, the six centering balls haveerze the efﬁqency of our magneng damping stage, we have
easured, with an accelerometer, its complete transfer func-

to move freely at a low temperature. Toward this end, eacll" for f ies higher than 20 H
ball is just held in position by a cobalt—samarium magnet, aé'on_l_?]r requenuest Ilgt er tf anf " z h in Fig. 7
drawn in Fig. 6, but stays totally free to rotate around the € experimental transter function 1S shown in F1g.

axis perpendicular to the holding magnet. The ball can thu§md hag been obtained by vibrati.ng the damping setup while
measuring the amplitude of the vibration on itself and on the

STM stage using two accelerometer heads. The ratio be-
tween the two vibration amplitudes was calculatédve
clearly see that the magnetic damping stage acts as a low-
pass filter and is efficient exactly like a room-temperature
Viton stack. Lateral vibrations are probably less efficiently
o o \N N attenuated but the STM stage is only in contact with the
cryogenic stage though six free-moving balls which are un-
able to transmit any stress to the STM stage. The picture of
\* the STM stage is presented in FigaB The eddy-current
\C damping magnets are clearly visible below the microscope as
o\ > well as the centering balls. The complete damping system is
shown in Fig. 8b).
0.01 = The improvement of the mechanical design of our low-
temperature STM, as well as the improvement of tunnel cur-
10 100 1000 rent converters, will allow us to image the morphology of
frequency (Hz) epitaxial thin metal oxide layers in more stable conditions,
where very low current, high spatial resolution, and spectro-

FIG. 7. Experimental transfer function of the low-temperature magnetic copic measurements are needed to study the oxide &gmer
damping stage measured with an accelerometer from 20 Hz up to 2 kH2COP y :

The transfer function is defined as the ratio of the amplitude of vibrations

detected on the STM stage and on the cryostat body. The resonance fre-

quency of the damper is measured to be about 7 Hz. The cutoff takes plac%CKNOVV'-EDGMENTS
for a frequency higher than 20 Hz and attenuation by a factor of 4 is already .
reached for frequencies higher than 30 Hz. These filtering characteristics are The authors would like to thank Dr. Santos Alvarado for

similar to commonly used room-temperature Viton stacks. continuous and stimulating discussions, Professor Wolf-

cryostat, is suspended by magnetic repulsion between t

0.1 4

transfer function
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