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A low-noise and wide-band ac boosting current-to-voltage amplifier
for scanning tunneling microscopy
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A compact, fast, and low-noise current-to-voltage amplifier is built for scanning tunneling
microscopy. The amplifier consists of two amplification stages. The first stage performs low-noise
transimpedance amplification by using a high performance FET operational amplifier together with
a high-ohm feedback resistor of 1{Xzand a parallel trimming capacitor. The ac boosting amplifier

in the second stage recovers the higher frequency above the 3 dB cutoff of the first stage to extend
the maximum bandwidth up to 100 kHz. This two-stage current-to-voltage amplifier shows a low
current noise below sub-pA rms when tuned to have the bandwidth of around 1 kHz. It also
guarantees stable frequency response in the presence of 1000 pF input capacit20gs ©
American Institute of Physic$DOI: 10.1063/1.1841873

I. INTRODUCTION performances in the measurement of small current, since
| ina t i . ™. the t i these methods use small feedback resisfhrs10 M()) at
h scanning tunneing microscops TM), € unneling - e first stage and then extend the bandwidth. As another
current between the tip and the sample contains all the e

- . ) . .%'ategory, the guard banfFig. 1(b)] and the capacitance
sential informations. The tunneling current provides the basi ompensatior{Fig. 1(c)] reduce the effective parasitic ca-

topography of the sa(;n.ple_surfakcl:e for th?. determination of tthacitance. The former requires a special resistor with three
atomic structure, and it gives the tunneling spectroscopy fo eads and a low parasitic capacitance. The latter entails care-
I circuit design due to the inhomogeneous distribution of
the parasitic capacitance. Though both of them modestly rec-
ompense the bandwidth around 2—4 kHz, they have a draw-
“back of exhibiting “ringing or oscillation” in the presence of

a high input capacitanc‘bHence these IVCs do not provide
stable performances for STM experiments where large input
capacitance is inescapable.

In this article, we report the design and performance of

current is very small in the range from below pA to nA, it
should be amplified by the gain of 4910'° (V/A) to be
used in the electronic circuits of STM. Hence the high per
formance current-to-voltage converigyC) is the most im-
portant part in STM.

Two types of amplifiers, the electrometérand the in-
verting feedback;® are generally used as the IVC. The

fo”.“er. uses g_shunt resistor t(.) ge_nerate a vqltage S'g.naa\h ac boosting IVC which satisfy simultaneously the various
which is amplified by the following instrumentation ampli-

. . . : . ) requirements for versatile STM experiments. Our IVC con-
fier. The Ia'gter IS more pqular N many fields mcludmg the ists of simple two stage amplifications; the first stage has
STM experiments, since !t IS convenlent.for the detgctlon 0Lghe characteristics of high stability and high gain of an in-
a fast aqd low current S|gngl du_e to wider bandwidth an erting feedback IVC, and the second stage is an ac boosting
lower noise. Moreover the inverting feedback IVC can beamplifier to recover the higher frequency above the 3 dB

built easily (;Jsinhg ﬁ Cﬁmr;]ergik?l iET _ortJerationﬁI amplh;l‘_arcutoff of the first stage. The maximum bandwidth of the IVC
(op-amp and a high-ohm feedback resistor as shown in '9can be extended up to 100 kHz. When the bandwidth is

1(a)h Hovﬁvﬁr' ”_"'a”IV mcor_npaup(lje rgqu(ljre(g?hntls of (tjhe IVctuned to be around 1 kHz, the noise level is below sub-pA
such as fhigh gain, low noise, wide bandwidih, low dc error, o ;, e presence of 100 pF input capacitance.

and small size are required for the STM applications. Ideally
the inverting feedback IVC with a large feedback resistance

above 1 G can provide a proper dynamic range Covering, »,«e AN FREQUENCY RESPONSE OF THE IVC
the tunneling currenipA—nA) and minimize the noise. How-
ever, the actual frequency response or bandwidth is generally There are two kinds of noise in the IVC; interference
limited below 1 kHz due to the parasitic capacitancenoise picked up from outside the circuit and inherent noise
(0.2-0.5 pk across the feedback resistasince the transfer arising within the circuit itself. The typical magnitude of the
function of the IVC is practically the same as that of RCinterference noise is not negligible and ranges from sub-pA
low-pass filter consisting of the feedback resistor and parato a few hundred p& The interference noise can be reduced
sitic capacitance distributed over it. There are several methby taking precautions such as filtering, decoupling, shielding,
ods to overcome the narrow bandwidth limitation of the in-low noise power supply, clean circuit board, and vibration
verting feedback IVC;® cascade amplificatiorT-network,  free cabling. Apart from the interference noise, we have still
guard band, and capacitance compensation, etc. Howevéhe inherent noise arising from the amplifier itself and the
the cascade amplification and thenetwork have poor noise feedback resistor.
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77777777777 1 input current noise density, and the input stray capacitance
! C,, includes all the contributions from input cable, connector,
2 op-amp, etc. Equationfl) represents the best theoretical
| noise performance of the IVC with an ideal current sodrce.

.
|
|
|
11
I
) Well-designed discrete op- amp?snr high performance com-
e mercial units have typically the input voltage noise density
\&J of severaLnVN"Hz and the input current noise density of
c g + sub-fA/\Hz.? Therefore if C;, is low enough, the TSND

tip

sample

otase | from the IVC itself can be reduced to the theoretical limit,
Johnson noiseof the feedback resistor. However, it should
(@) be noted that the best noise performance described above
does not guarantee the best performance of the IVC in STM
experiments where fast scan or high input capacitance are
inevitable. In these situations, the most significant noise
comes from the coupling of the total input capacitance and
input voltage noise in the form of7&;,e, as shown in Eq.
(1). Therefore, the strategy to keep bahandC;, as low as
possible by using a proper op-ai‘ﬂpand placing the IVC
FIG. 1. () The circuit diagram of the inverting feedback IVC for modelling close to the current source is very important. In addition to
the tunneling current and input nois) Guard band technique eliminates the above noise sources, the offset voltage and the input bias
parasitic capacitance partlgc) Capacitance compensation method corrects cyrrent of the op-amp can be considered as dc noise sources
frequency response effectively but has some drawbacks. that vary with time, temperature, etc. The full bandwidth
noise of IVC should be calculated by integrating the TSND
The inherent noise characteristics of the IVC can beover the full bandwidth. Therefore the magnitude of the total
modeled by the combination of noise sources and the followfull bandwidth current noise including both interference and
ing noiseless amplifier with a feedback resistor. Figui@ 1 inherent noise is higher than the calculated theoretical limit
shows a typical circuit of the inverting feedback IVC with of Johnson noise
several noise sources. Since the noise components are gen- Because the high-ohm resistance of around(l iG a
erally random and uncorrelated, the total spectral noise dergood solution for the low noise and adequate dynamic range

sity (TSND) from each contribution can be given by of the IVC, we need to check the bandwidth of the IVC in
o \2 KT more detail.(i) If we assume the gain bandwidth product
iTsnD= \/<E”> + iﬁ + R + (27Cinen)? (1) (GBP) of the op-amp to be infinite, the frequency response of
f f

- the IVC is given by a transfer function similar to the simple
in A/ VHz, whereR is the feedback resistana,is the input  low pass filter with 3 dB corner frequency of @RC,). If
voltage noise density of the op-anipdenotes the op-amp’s we use, for instance, a feedback resistor of @ @ith the
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parasitic capacitance of 0.2 pF, the bandwidth of the IVC 15pF
will be limited below 800 Hz(ii) Assuming that GBP of the Waveform I IvC Digital
. . . under -
op-amp is finite but sufficiently large, the transfer function of Generator I Test Oscilloscope
the IVC can be written in the form of two simple low pass Pomona
filters in cascade (@) 3753 Box
1 C,+C —- Oscilloscope
—=(RCs+1 —M-s+1). 2 i
T~ G )<Cp-GBP @ 100pF |
The frequency response now has two corner frequencies L = Ve '
_ q y resp o qu = under —True RMS Voltmeter
The first 1A27R;C,) is caused by the parasitic capacitance ow Test

across the feedback resistor, the second higher cutoff fre- Pomona
quency(Cp,+Cj,)/(2mC,- GBP comes from the finite GBP (b) 3753 Box

of the op-amp. To Improve the frequt_ancy response of theys. 3. () Diagrams for the measurement of the risetime, dndor the
IVC, one usually tries to redUC@p. This reduction Opr measurement of the total input current noise. An oscilloscope is used to

increases the first corner frequency but reduces the secomieck unusual noise spike or line frequency pick up.
one at the same time, usually by about the same fa@igrif
we consider the extreme case where the two corner frequen-

cies become comparable, the effect of input capacitahge of_Iarge mpgt capacitance. The op-amp’s input lead, the trim-
. : . : D¢ ming capacitor, and the feedback resistor should be soldered
on the input terminal should be introduced. In this case, the

amolifier will behave like a damped harmonic oscillator anddireCtly to the input connector via a whittled Teflon standoff
P oo . P . : and should not touch any surface to prevent the current leak-
the approximation of Eq.2) is no longer valid. Whert, is ! ;
. p age and the stray capacitance pickup from the PCB trace.
decreased down to the threshold, causing the crossover of th . g ;
. . The second step, ac boosting amplifier, recovers high
two corner frequencies, the bandwidth of the IVC does no : S
requency signal which is damped down by the low pass

increase further; instead the frequency response begins [0 ; ' .

. transfer function of the first stage. For the ac boosting stage,
show a peak, and the step response shows “ringing or oscil- . . e :
lation.” we built a composite amplifier by using the dual op-amp

. . . PA2111KP. ingl - h i
To permit a large input capacitance up to several hun-o Compared to a single op-amp, the composite

dred pF for versatile STM applications, it is desirable to hav amplifier has the advantages of large open loop gain for

i : igher accuracy and phase compensation for small noise in
an op-amp with .GBP far aboye 10 MHZ' Unfortur_1ate|y, the high frequency regiojr?.The ac boosting circuit amplifies
commercially available low noise, low input capacitance,

. . only the ac component with the variable resid®arito extend
and low input bias current FET op-arﬁﬂmve GBP below a the bandwidth, excluding the dc component from amplifica-

few MHz. That means most of the op-amps are not adequatte

for low level and high speed current recording, since they doIon with the capacnor;:l. By trimming Cr, C.l’ andR,, we
can extend the bandwidth up to 100 kHz. Finally we select a
not guarantee the stable frequency response over the enti

e . : )
bandwidth. Therefore, it is rather better to ke@pas high as {Zsirable bandwidth and noise performance of the total IVC

S , : y installing a propefC; in the booster stage as in Fig.a?
possible in the first stage for both stable operation and smaH We used two 9 V batteries for the power supply, since

noise pick up, and then recover in the next stage the highethey can be placed together with the IVC in an aluminum

flr/e(qzt;_regtg) Eglon above the 3 dB cutoff frequency 0fshielding box not to cause the ground loops and the 60 Hz
fp/-

line pickup**
The PSPICE simulatidf of the inverting feedback IVC
. A LOW-NOISE AND WIDE BAND IVC: DESIGN in the first stage, the composite amplifier in the second stage,
AND PERFORMANCE and the total IVC as the convolution of the two stages, is

shown in Fig. 2b).

In the previous section, it is shown that a high-ohm feed- 1o assess the performance of the IVC, we need a current
back resistor above 1@ and the large parasitic capacitance source in the range of pA—nA. The current source can be
is more desirable for the proper dynamic range, low-noisejmplemented by a triangular waveform generator and a high
and stable Operation of the IVC. The wide bandwidth WlthOthua“ty ceramic Capacitor_ The derivative of triangu|ar volt-
deteriorating the noise performance is the problem we havgge wave(~190 mV,, , and 100 Hx across the shielded
to solve in the design scheme. 15 pF capacitor produces a square wave current source with

The scheme of our IVC design is two-step serial ampli-the magnitude of about 2 nA,* The bandwidth of the IVC
fication as shown in Fig.(@); the low-noise transimpedance is generally estimated by measuring the rise time of the
amplification and the following ac boosting. square wave current source as depicted in Fig). Feeding

The first stage consists of a FET op-amp OPA111BMthe current source to the IVC, we get an output of square
(Burr Brown) with a 1 () feedback resistor and a parallel yayeform with the amplitude of-2 V,,_,, whose risetime is
air trimming capacitoC; (0.3—3 pH. The trimming capaci- directly related to the bandwidth as
tor is used to adjust the exact 3 dB frequency from which the ) o
second ac boost stage starts to increase the gain. We found Bandwidth = 0.35/risetim@0 % — 90 %). 3)
that the capacitandg; of around 1.3 pF ensures much lower The risetime was measured by a digital oscilloscope, and
noise gain and superior frequency response in the presentge noise of the IVC was measured by an oscilloscope and

p-pr
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FIG. 4. The bandwidth of the IVC can be adjusted from 10 kHz to 1 kHz FIG. 5. The upper trace is obtained from the ac boosting IVC and shows
by changing theC; value in the boosting stage from 100 to 1500 pF. stable frequency response in the presence of 161 pF input capacitance, while
the bottom trace shows “ringing effect” of the capacitance compensation

. method with the same input capacitance.
true rms voltmeter. We see from Fig. 4 that the edge of the put cap

square response becomes blunter as we increase the valueA KNOWLEDGMENTS
C; from 100 to 1500 pF.

Table | summarizes the relations between bandwidth and  This work is supported by Ministry of Science and Tech-
noise performance of the ac boosting IVC for several valuesiology of Korea through “The Creative Research Initiative.”
of Cs.

The lower trace of Fig. 5 shows that the high frequencle- J. ChenJntroduction to Scanning Tunneling Microsco@@xford Uni-

. . . ] versity, New York, 19938
peaklng of the capacitance compensation IW' L(c)] ex 2y, P. Chen, A. J. Cox, M. J. Hagmann, and H. D. A. Smith, Rev. Sci.

hibits “ringing or oscillation” in the presence of 161 pF input  |nstrum. 67, 2652(1996.
capacitance5 feet RG-58 coaxial cableOn the other hand, °F. Demming, K. Dickmann, and J. Jerch, Rev. Sci. Instrs8, 2406
the upper trace of Fig. 5 shows very flat and stable frequency(lgga? L. Libioulle, A. Radenovic, E. Bystrenova, and G. Dietldyid.

- ; . 74, 1016(2003.
response of the ac boosting IVC with the same coaxial Cable“Our alternative design, IVC Mark Il based on discrete components for

Even at larger input capacitance over 1000 pF, the IVC jarge GBP, do not show the ringing with input capacitance up to a few
shows good performance without any ringing or oscillation. _hundred pF. . o . .
The ac boosting IVC has the current noise below sub-pA rms H. Ott, Noise Reduction Technique in Electronic Systékiviley, New

. York, 1976.
and can detect a small tunneling current down to a few pAsg ¢ gaker, Ti application notes shoa034.

with the bandwidth of around 1 kHz in STM experiments. "we omit noise contributions from current source and following electronic
For the wideband requirement, it permits the bandwidth up_stages.

; e S. R. Jefferts and F. L. Walls, Rev. Sci. InstruBD, 1194(1989.
to 100 kHz. Moreover, this compact amplifier can be p_lacedgTypically adopted high performance FET input op-amps such as OPA111,
very close to the current source of the STM so that it can OPA128, and AD549 have input voltage noise density of about

minimize the unfavorable noise piCkUpS and reduce the stray 10 nv/yHz at frequency higher than 1 kHz. The noise density can be

input capacitance. increased at low frequency up to 100 M\Hz from excess and F/noise.
Input current noise density may remain at sub-f{AZ up to 20 kHz but
increase with frequency.

OThe input common mode plus difference capacitance of op-amp itself
contributes to the total input capacitarcg. The op-amp OPA111BM has

- 8 nV/\Hz input voltage noise and 4 pF input capacitance.

Bandwidth b "Single-Channel Recordingdited by B. Sakmann and E. Net@lenum,
Cs (PP (kHz) Noise (pA)* Noise (pA) New York, 1995.
2cadence Inc, San Jose, CA.

TABLE I. The bandwidths of the ac boosting IVC tuned by differéht
values, and the corresponding noise characteristics.

100 11.3 2.25 4.55 13G. G. Graeme, Tl application notes sboa015.

220 5.4 1.29 2.69 14C. D. Motchenbacher and J. A. Connellypw-Noise Electronic Design

470 2.4 0.71 1.37 (Wiley, New York, 1973.

1000 1.2 0.47 0.73 5High-ohm resistor does not represent a true current source for any IVC

1500 0.76 0.40 0.58 with feedback gain above 10The high-ohm resistors have intrinsic para-

sitic capacitance and will result in out-of-phase current, noise, and dc drift.

4rms values with the input open. The results will be totally erroneous on these gain settings. The voltage of
®rms values with the input capacitance of 100 pF. triangular waveform and a capacitor should be used for correct results.
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