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ABSTRACT

Scanning tunneling microscopy/spectroscopy (STM/S) is a powerful experimental tool to understand the electronic structure of materi-
als at the atomic scale, with energy resolution down to the microelectronvolt range. Such resolution requires a low-vibration laboratory,
low-noise electronics, and a cryogenic environment. Here, we present a thorough enumeration and analysis of various noise sources and
their contributions to the noise floor of STM/S measurements. We provide a comprehensive recipe and an interactive python notebook
to input and evaluate noise data, and to formulate a custom step-by-step approach for optimizing the signal-to-noise ratio in STM/S

measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111989

I. INTRODUCTION

Scanning tunneling microscopy (STM) measures the net elec-
tric current I across a voltage-biased tunnel junction by bringing a
sharp metallic tip into atomic-scale proximity with a sample. In the
simplest mode of STM imaging, a feedback loop is used to main-
tain a constant tunneling current, by tracing out the atomic-scale
topographical contours of the sample surface. The tunneling cur-
rent is typically proportional to the energy-integrated density of
states (DOS) of the sample surface, and thus scanning tunneling
spectroscopy (STS) was suggested and carried out’ soon after the
invention of STM. By STS, one can acquire the differential conduc-
tance g(V) = dI/dV as the sample energy probed (eV) is tuned by
bias voltage (V), with resolution reaching the microvolt range. A
spatial map of g(r, V) can be generated by raster scanning (x, y) on
the surface and sweeping V at each pixel.

Momentum resolution can be achieved by Fourier transform
(FT) of a g(r, V) map where surface imperfections cause quasipar-
ticle scattering, yielding DOS as a function of in-plane momentum
and energy ¥(q, V).”" Here, the momentum q is the difference of
initial and final momenta k; and k¢ of a scattered quasiparticle. This
technique, referred to as quasiparticle interference (QPI) imaging,
enables observation of the local electronic band structure of the crys-
tal surface. QPI imaging has been widely implemented in condensed

matter physics research, including high-temperature superconduc-
tivity,” * heavy fermion compounds,” "' graphene,'* and topologi-
cal materials."”'* While direct observation of the surface electronic
band structure is achievable by angle-resolved photoemission spec-
troscopy (ARPES), it is typically limited to occupied states (unless
a delicate optical pump-probe setup is implemented'” '’) and its
spatial resolution is restricted by its optical wavelength (a few hun-
dred nanometers). As a consequence, ARPES may inadvertently
average multiple band structure signals from different domains or
phases. On the other hand, QPI imaging can achieve spatial res-
olution down to the Fermi wavelength (typically a few nanome-
ters) and can access unoccupied states simply by applying a posi-
tive sample bias voltage. Moreover, QPI can be used to image band
structure dependence on the magnetic field, which is impossible
with ARPES.

Time is the major limiting factor for high-resolution QPI imag-
ing. First, a large real space area is required to maximize the QPI
momentum resolution. Momentum resolution in ARPES is on the
order of 1072 A~',*”" which equates to around 70 nm in real space.
Second, high spatial resolution is required to compensate for the
inevitable thermal drift caused by minute, time-dependent tempera-
ture gradients between tip and sample. Thermal drift leads to offsets
in the spatial registration of individual spectra, which degrades the
momentum resolution. If the drift is less than ~1 A/h and the image
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is acquired with atomic resolution in real space, then the Bragg
peaks in the FT can serve as an exact length reference to correct the
in-plane drift down to the picometer scale.”*”’
As a concrete example of QPI parameters, in order to achieve
a momentum resolution of 107> A™', an area as large as ~70 nm
x 70 nm is necessary. Additionally, a grid with 256 x 256 points
is desired to obtain atomic resolution in the 70 nm x 70 nm area
(in-plane lattice constant is 3-6 A for common materials) such
that the whole Brillouin zone can be captured in the g(q, V) map.
To obtain 1 meV energy resolution in a 0.1 eV energy window
then requires 256 x 256 x 100 = 6.55 x 10° distinct measure-
ments. As the holding time of a cryostat at base temperature typ-
ically varies from 50-200 h, this allows only 25-100 ms to ramp,
settle, and integrate for each measurement. Therefore, it is crucial
to improve the signal-to-noise ratio (SNR), defined as the ratio of
the mean value to the standard deviation of the measured signal of
interest X(t),
SNR = : Xs , (1)
Vi o [X() - X Jpdt

where £y is the duration of the measurement and X, = % JEX(t)dtis
the mean value of the measured signal as to - co. The denominator
in Eq. (1) is the square root of the noise power,

1 fo 2

Proise = — [ [X(t)] dt, (2)

to Jo
where x(¢) = X(t) — X, is the noise.” Generally, if the SNR of a single
spectrum increases by a factor of 2, then it takes approximately 1/1/2
of the measurement time to achieve the same result. With this time
saving, one could increase the energy window, increase the energy
resolution, or increase the momentum resolution by expanding the
scan area if surface conditions allow.

The remainder of this review is organized as follows: In
Sec. II, we establish a general formula for the SNR of STS
using the homodyne (“lock-in”) method to measure differen-
tial conductance. We also discuss the choice of the low-pass fil-
ters (LPFs) for lock-in detection. In Sec. III, we introduce a toy
model for noise and then demonstrate its application using our
STM data. In Sec. IV, we discuss in detail three fundamental
noise sources (transimpedance preamplifier noise, tunnel junc-
tion noise, and tip-sample distance modulation noise) and solu-
tions to minimize them. Finally, in Sec. V, we summarize and
give a practical step-by-step algorithm, supported by our open-
source code, at https://github.com/LetOn/achievinglownoiseinsts, to
optimize the SNR in its own STS and QPI measurements. The
reader is encouraged to follow all analyses using the comprehen-
sive example code provided” and to input his or her own noise
data in order to attain specific recommendations to optimize an
STM system.

Il. SIGNAL-TO-NOISE RATIO IN SCANNING
TUNNELING SPECTROSCOPY

There are two methods to perform STS, namely, the DC
method and the lock-in method. In the DC method, bias voltage
Ve is swept in the energy range of interest and DC current I4. is

ARTICLE scitation.orgljournal/rsi

recorded at each point. Then, first-order numerical differentiation is
applied to the I3.(V) curve to obtain g(V). In the lock-in method,
an AC voltage excitation with a small amplitude V,c at some fre-
quency fo is added to a DC voltage sweep, then the AC current
amplitude I,c at the same frequency fo is measured by a lock-in
amplifier. Differential conductance g(V) is then a simple division
Of Inc/ Vac.

Because STM works at an ultralow current range on the order
of 1072 A, we read out tunneling current with the aid of a tran-
simpedance amplifier (TIA) (often referred to as a “preamplifier”),
which converts current to voltage. All the information, including
both signal and noise, is contained in the output. To discern dif-
ferent noise components, it is more constructive to look at the fre-
quency domain of the output (using a spectrum analyzer) than time
domain (using an oscilloscope). Therefore, we rewrite Eq. (1) in the

frequency domain,
1/2
%
] , 3)

SNR = |:°°
[ e

where the Fourier transform takes the form of x(f) = ﬁ s e it
x(t)dt.”” We use j as the imaginary unit to distinguish it from the
noise current 7 introduced later.

Figure 1 shows a schematic of the typical noise power spec-
tral density (PSD) of the STM tunneling current measured by a
preamplifier, which is composed of three parts:

1. Flicker noise dominates from DC up to a corner frequency
fr. The PSD of flicker noise can be expressed” as KpI*/f,
where Kr is an empirical coefficient, so the flicker noise is
also known as “1/f noise.” The origin of flicker noise has
been attributed to mobility fluctuations or charge trapping in
electronic devices.”*’

2. The middle-frequency range extending from fr to the band-
width of the preamplifier is typically relatively flat and pri-
marily from the Johnson-Nyquist current noise. We will
discuss the composition of preamplifier noise current PSD
Saa(f) in Sec. TV A. The corner frequency of flicker noise
fr varies with tunneling current and can be determined by
Kel/fr = Saa(fr).

=~ 102 f Flicker ;

N 3 !

T 4ok NO_'Se Johnson-Nyquist ~ "a™P

%_ T Noise

g Lol R

a 10 T

@ 107 fo . Roll-off

§ 102 f
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FIG. 1. An illustrative example of typical noise current PSD of a STM tunnel junc-
tion. The corner frequency of Flicker noise is labeled fr. The bandwidth of the
preamplifier, famp, is 4 kHz in this example.
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3. A preamplifier has a second- or higher-order low-pass filter
(LPF) with a cutoff frequency famp, so noise at frequencies
above famp is heavily suppressed. The LPF of the preamplifier
acts on the signal as well, so the signal is also suppressed above

famp.

From Fig. 1, we can see that the noise spectral density is lower
in the middle frequency range, where the signal is not yet atten-
uated by the cutoff frequency famp. Generally, it is more advanta-
geous to use the lock-in method with a frequency in this middle-
frequency range than the DC method to optimize the SNR when
flicker noise dominates in the low frequency range.”” ”' Specif-
ically, the lock-in method will give a higher SNR than the DC
method when flicker noise power Pk is larger than preamplifier noise
power Pamp,

meas

kP Jump
pe- [ Ki > Py = [ sundf, @)

where S.(f) will be quantified in Eq. (52) and the lower bound
fineas ~ (27tmeas) ™" is the frequency associated with the time scale of
a single measurement fmeqs. In practice, one can measure the current
noise PSD with sufficient frequency resolution to fit the values of
K¢ and fF, then compare flicker noise power with preamplifier noise
power to determine which method should be used in spectroscopy.
Except in rare cases, flicker noise dominates, so hereafter we will
focus on the more advantageous lock-in method for spectroscopic
measurements.

A. Tunneling spectroscopy with a lock-in amplifier

Homodyne detection is commonly carried out by a lock-in
amplifier. A lock-in amplifier performs a multiplication (demod-
ulation) of its input (transimpedance-amplified tunneling current)
with the reference signal (bias modulation) and then applies a low-
pass filter to the product to recover the signal at the modulation
frequency. As shown in the circuit diagram in Fig. 2(a), a spectro-
scopic measurement is performed by applying a DC voltage bias
Ve and AC voltage modulation V. to the tunnel junction at fre-
quency fo. For a tunnel junction with a current-to-voltage relation
I(V), at small enough V,, a Taylor expansion gives the resulting
current,

I(t) = I(Vac) + §(Vac) Vac cos(2mfot) + i (t) + ia(t), (5)

where the last two terms are additive noise due to the current fluc-
tuations in the tunnel junction j(t) and the noise of the preamplifier
ia(t). In Eq. (5), the first three terms I(Vqc), g(V4c), and ij(t) are
defined at the average tip-to-sample distance zo. Tunneling current
is actually proportional to e **"), where x~ is the current decay
length, so we need to multiply the first three terms in Eq. (5) by
a factor of e **) If we write z(f) = zo — zn(t), where za(t) is the
disturbance in the tip-sample distance, then we can approximate
Eq. (5) to first order, assuming kz, < 1 and neglecting second- and
higher-order terms

I(t) = [I(Vac) + §(Vae) Vac cos(2mfot) +ij(t) ] x & 4 ia(t)

~ [I(Vyae) + g(Vae) Vac cos(2nfot) ] x [1 + xza ()]
+ii(t) +ia(2). (6)

ARTICLE scitation.orgljournal/rsi

cos(2rtf 1) X LPFH L,
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V. +V, cos(2rf 1) Derquulzlzited
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Lock-in Amplifier

e

Vie v

FIG. 2. Tunneling spectroscopy with a lock-in amplifier. (a) A circuit diagram of
a spectroscopic measurement with a modulation frequency fy. lac,x and lac,y are
two orthogonal components of the demodulation signal I, = L2, + I, .. (b) An
example /(V) curve (black) showing modulation and demodulation in the lock-in
method. At each point of the curve (black) that arises from sample characteristics,
a bias modulation (red) with a peak amplitude of V4 is superimposed on a DC
bias voltage V. The resulting current (blue) has a DC value of /4, and an AC
component with a peak amplitude of /5. The derived g(V) spectrum is shown in

Fig. 3(a).

For simplicity, we can rewrite it as

I(t) = [Iac + Lc cos(2mfot)] x [1+ ()] +4i(t) +ia(t),  (7)

where
Idc = I(Vdc), (8a)
Ic = g(Vdc)Vao (8b)
((t) = xza(t). (8¢c)

Note that {(¢) is a dimensionless function that quantifies the modu-
lation of the instantaneous tunneling current by fluctuations in the
tip-sample distance z(t). For example, if the current at z = zo is equal
to Iy, then I(t) = Io[1 + {(¢)].

The lock-in amplifier first removes the DC component in
Eq. (7) via a high-pass filter (which usually has a cutoff frequency
less than 1 Hz), then the remaining AC signal is demodulated by
multiplying by cos(27fot).”” The resulting demodulated signal’
[Fig. 2(a)] is proportional to the sum of the “noise-free” signal
X = I,c and the noise current x(t) = i(t),
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[I(t) - Iac] cos(27fot) = Inc cos” (27fot) + Le{ (t) cos” (27fot)
+ [Tac + ()0 () +ia(t)] cos(2mfot)
= H{Le + LeQ(t) + 2[1ac () +j(t) +ia(1)]
x cos(2nfot) + Lc[1+ {(t)] cos(4nfot) }.
)

Therefore,

i(t) = LeC(8) + 2[1acC(t) + i (t) + ia(t) ] cos(2mfot)
+Le[1+ {(t)] cos(4nfot). (10)

We then transform Eq. (10) to the frequency domain to analyze
noise contributions. The Fourier transform of a product of two
functions is equal to the convolution of their Fourier transforms.
The Fourier transform of the cosine function is a pair of Dirac §-
functions, so their convolution with other functions is especially
simple

i(f) = LS (f) +2[Lacl () +i5(f) +ia ()] # 3 [6(F = fo) + 8(f + )]
+Le[1+C(N]*5[8(f - 20) + 8(f +26)]
= LeC(f) + Tae[CCF = 16) + C(f +f0) ] + [ia(f = fo) +ia(f +o)]
+[5(f =)+ i5(f +fo0)] + 3hac[C(f = 20) +{(f +260)]
+3L[8(f - 2f0) + 8(f +2f0) . (11)

The noise PSD is given by

Si(f) =i())i" (), (12)

where i*(f) denotes the complex conjugate of i( f). The noise PSD
contains

1. autocorrelation terms such as {(f){*(f) and {(f - 2fo)(*
(f = 2fo0),

2. cross-correlation terms between two different functions, such
as {(f —fo)iz (f = fo) and {(f = 2f0)8" (f - 2fo),

3. cross-correlation terms between the same function with differ-
ent frequency shifts, such as {(f — f0)*(f — 2fo).

The cross correlation between two different random functions, when
averaged across multiple realizations, is zero if their respective pro-
cesses are uncorrelated. The terms i,, jj, and ( are completely uncor-
related with each other, so their cross-correlation terms can be
dropped. Similarly, the correlation between two frequency-shifted
versions of i, or ij, dominated by flicker noise or the Johnson-
Nyquist current noise, is zero. However, it is not clear if terms such
as {(f — fo){* (f — 2fo) can be dropped because the physical compo-
nents that cause the vibration noise may have harmonics that lead to
a nonzero cross correlation between frequency-shifted versions of ¢.
In what follows we assume that all cross-correlation terms are negli-
gible. It is a good approximation as long as we choose a modulation
frequency fo such that both fo and 2f are away from mechanical
or electrical resonances of the system and environment [so cross-
correlation terms such as {(f — 2f0)8*(f — 2fo) vanish]. We also
show an example in Fig. 24 in the Appendix that the estimated

ARTICLE scitation.orgljournal/rsi

lock-in demodulation current PSD under this approximation still
agrees quite well with the measured result.

Defining
S (f) =N (S, (13a)
Sa(f) = ia(f)ia (f), (13b)
Si(f) = ()i (f)s (13¢)

we can write the total PSD as the sum of all PSDs of the individual
terms of z'(f),3 :

Si(f) = LcSee (f) + Iac[ S (f = fo) + S (f +0)]
+[Sualf = fo) + Saalf +10)] + [S5 (f o) + S5 (f +o)]
+ L[S (f = 2f0) + S (f +260)]
+ 1 [8(f - 2) +8(f +2f)]. (14)

To make this notation more compact, we define the modulated noise
PSDs

Stsy = 3[S¢(f =fo) + S (f +6)]; (15a)
Saasy = 3 [Saa(f = f6) + Sualf +0)), (15b)

Siy = 3[Si(f =fo) + S (f +/0)], (15¢)
Ssoaf, = 3[8(f = 2f6) +8(f +2f0)], (15d)

so that the total current PSD of the demodulated signal becomes

2 2 2 2
Sii = IacS(LO + ZIch((,fD + ZSaa,fO + ZSjj,fO + %Iacs((,zﬁ + %Iacs(;(s,zfu,
(16)

which can be compared with the signal power I%.

During a spectroscopic measurement, I, is generally not a con-
stant but is typically bounded, whereas I4. is assumed to be a mono-
tonic function of V. that typically reaches values much larger than
Ic. Itis interesting, therefore, to note the dependence of the different
noise contributions on the ratio Iq./I,c,

Seafy | Ssvaf | 2Saf | 2Sjif

2 Id ’
Sii/Isc = S0 + Sttt B + 2 +25((,f0(ﬁ

CS+ N N S65,2f, N 2S.f  2ksT
T T2 TR RE
2e (Idc ) (Idc )2
+—|—)+2S -1, (17)
Le \ I W\ Ic

where we have approximated the junction noise Sj; as the sum
of the Johnson-Nyquist current noise and shot noise components
(we will discuss them in detail in Sec. IV B). Apparently, there are
terms independent of I4c/Iac, one term linear in I4c/I.c, and one term
quadratic in I4c/I,c that gradually dominates the noise spectrum as
the bias voltage is increased.

In order to calculate the output noise power Ppoise from the
demodulated noise current PSD S;;, we must take into account the
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output LPF of the lock-in amplifier. The lock-in amplifier LPF has a
transfer function H( f), giving

Paake = [~ (HOOINIHI)] of

GO a8)

We define four dimensionless specific noise power
Pto = [ : SwolH(HFf, (19)
Pus, = [: S H(OIdf, (19b)
Piiafy = [ : Sean H(HIPdf, (19¢)
pusag = [ SwaplHOOP = HERE,  (199)

and two current noise power

Pug = [ SwilH(HIdf, (200)
Bj= [: SilH(f)I*df = 28;Bx. (20b)

We will discuss the frequency dependence of S, , in Sec. [V A, while
in Eq. (20b), we use the fact that §j is frequency independent (see
Sec. 1V B),and By = f¢° |H(f)[*df is the equivalent noise bandwidth
(ENBW) of the LPF of the lock-in amplifier assuming a passband
gain of 1. We can finally obtain the SNR as

ARTICLE scitation.orgljournal/rsi

Commonly, the SNR is expressed in decibels

IaC
SNR[dB] = 20log ()
10 V Pnoise
131 zpaa,f 2ij
= —1010g10[p(:,o +2(ITC)P((,/0 + 2 : I
ac ac ac

+Sps S R @)
For example, an SNR of 40 dB means that the root-mean-square
(rms) noise amplitude is 1% of the signal.

Equation (22) gives a mathematical expression to calculate the
SNR from specific noise sources. Practically, the SNR can also be
estimated as the mean value of g(V) divided by the standard devi-
ation of g(V) from multiple spectra because g x Vac = Ia, and
the standard deviation of I, is equal to /Pnoise (square root of
frequency-integrated PSD). We show in Fig. 3 the relation between
SNR in direct measured g(V) spectra and SNR derived from current
noise PSD out of the lock-in amplifier [i.e., from Eq. (22)]. The fluc-
tuations in single spectra (red) in Fig. 3(a) indicate visually the rms
noise amplitude compared to the signal (the black average curve). To
clarify the simple relationship between I,. and g, we note the mea-
sured I,c = 13.8 pA at V4. = 0.40 V yields g(0.4 V) = 2.76 nA/V. At
Vac =040V, g =2.771 + 0.065 nA/V, and thus the SNR estimated
from 100 bias spectra in Fig. 3(a) is 32.6 dB. On the other hand, inte-
grating Fig. 3(c) from 5 Hz to 5 kHz gives \/Proise 0f 0.38 pA, which
yields a SNR of 31.9 dB using Eq. (22). Therefore, the estimation of
the SNR from multiple spectra taken at identical conditions agrees
well with the SNR derived from Eq. (22). We also note that the stan-
dard deviation of g(V) increases with increasing |I4.| in Fig. 3(b),

2 ; indicating a smaller SNR with a higher tunneling current.
L Tac zpaawfo 2P]J
SNR = F =|pwo + 2(7) Pus + 7 7 We pause at this point to inspect the different factors that
noise ac ac ac influence the SNR
1 1 5 -2 1. The LPF of the lock-in amplifier with the transfer function
+ 5Pt E|H (2fo) . (21) |[H(f)| is selected by the experimenter. We will discuss the
choice of LPF in Sec. IT B.
4 0.4 -
(a) 112 (b) N (c)
T e
-0.8 < * < 10
< 3L —|7" =~ K o3r o
: [~ g2 | &
5 704 \(: : .:.“.:’.. (% 10—5
L ) L LE o B
o 2 oo 2 02f.. "_\.‘_.?;‘ =
el X g
1 b | | | | i-0.4 0.1 | | | 8 107
-0.1 0.0 0.1 0.2 0.3 0.4 -04 00 04 08 12 10! 102 10°
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FIG. 3. lllustration of SNR in terms of bias spectroscopy and frequency spectroscopy. (a) Average bias spectrum g(V) (black) of 100 spectra [20 randomly selected single
spectra are shown (red)] taken with the same setup conditions of V4, = 0.40 V, /4. = 1.0 nA measured on a cleaved semimetal CeBi surface at 4 K. A bias modulation with
frequency fo = 1.17 kHz and V4, = 5 mV was applied. Simutanously taken /4:(V) (blue) is shown to convert from V. to Iy (b) Standard deviation of differential conductance
o(g) in (a) shows an increasing trend with increasing |/ (¢) Current power spectral density of the lock-in output S;|H(f)|* as a function of frequency. The frequency spectrum
was measured with the same setup conditions Vg, = 0.40 V, I4; = 1.0 nA immediately before the bias spectroscopic measurement in (a), with the same bias modulation
applied. A boxcar (“synchronous”) filter at settling time ¢, = (27fo) =" and then a second-order RC filter with ts = 10 ms were applied for both measurements in (a) and (b).

The choice of low-pass filters will be discussed in Sec. I B.
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2. Iy is determined by the sample properties, DC bias volt-
age V4., and average tip-sample separation zo. Within a few
constraints such as the current resolution and limits of the
preamplifier, the experimenter can select any zo.

3. I, is determined by the sample properties, voltage modulation
Vac> and the junction impedance dV/dI

4. Vg is selected by the user and determines the energy reso-
lution of the measurement when thermal broadening can be
neglected, i.e., when eV > 2kgTj.”

5.  Saa is determined by the preamplifier noise and may depend
on the input impedance (including tunnel junction and cable
impedance) dV/dI. We will discuss Sz, in Sec. IV A.

6. Sjj is composed of the junction Johnson-Nyquist current noise
proportional to junction temperature, and shot noise propor-
tional to I4.. We will discuss Sj; in Sec. IV B.

7. Sy is determined by environmental vibrations and STM stiff-
ness, by scan voltage noise and scanner response, and by the
electronic properties of the tip and sample that determine «.
We will discuss S¢; in Sec. IV C.

The SNR may vary by over 10 dB at different I4. values within a
single spectroscopic measurement, as exemplified in Fig. 16. In order
to optimize the efficiency in a spectroscopic measurement, we can
keep the SNR approximately constant over the range of bias voltage
either by increasing the number of averages N(V) with increasing
| V|, which increases the SNR by 101ogio N dB, or by adjusting H(f)
as a function of V4. as shown in Sec. IIT A.

To give a clear view of how each term in Eq. (21) contributes
to the SNR, Fig. 4 illustrates the noise flow toward the output of

| vhonc(h) |{ xAwa()

ARTICLE scitation.orgljournal/rsi

the lock-in amplifier. The prime feature of the noise flow is that
the noise experiences two convolution operations (labeled by red
asterisks in Fig. 4) in the frequency domain: the first one between
dimensionless {(¢) and current (both signal and noise) before enter-
ing preamplifier input and the second one between the output
of the preamplifier and the reference signal in the lock-in ampli-
fier. The consequence of the convolution operations is exhibited
in the terms involving the specific noise power of { such as pg
in Eq. (22).

B. Choice of the low-pass filter
for the lock-in amplifier

We will first discuss the choice of LPF for the lock-in ampli-
fier since it is flexible to control. After the demodulation process in
the lock-in amplifier [Eq. (9)], the signal I,. to be measured at the
output of the lock-in is the DC component. Even without external
noise sources (, ij, i, adding to the input of the lock-in amplifier,
the demodulation also generates a 2f, component at the output with
the same amplitude as the signal I,., as shown in Eq. (10). This 2fy
component, along with interfering noise at other frequencies, must
be filtered out to obtain the desired DC component I .. In order
to select an optimal LPF for the lock-in amplifier, one must con-
sider the following: (1) the filter frequency response |H(f)|* and
its equivalent noise bandwidth By. The smaller the By, the lower
the output noise. (2) The filter step response or more specifically
its settling time. The settling time determines how long one must
wait after setting up the measurement parameters before a valid
value appears at the output. These two factors are inversely related:

| Znenv(f) H XK(f)

| Veo + Vacld(f — o) +5(F + h))/2 |

| 1B — ) +5(F + b))/ 2

=]

[ — ) o+ 01/2) | (*)

} < H(f) |—>| [df

& ]

FIG. 4. The flowchart of signal and noise in the frequency domain in spectroscopic measurements with a lock-in amplifier. Voltage noise, current noise, and Z noise are
denoted by vy, i, and z,, respectively, while “env” is short for the environment. DAC stands for digital-to-analog converter. HVA stands for high voltage amplifier. EMI stands
for electromagnetic interference. Apya and A denote the gains of the HVA and preamplifier. dyie, is the piezoelectric coefficient (in the unit of m/V) of the z piezo scanner.
K is the mechanical transfer function of the full STM system from external vibrations to the tip-sample distance. The plus operation means rms sum (the powers rather than
the amplitudes are additive), while the asterisk operation means convolution. fdf is the integration to obtain the final results. The subscripts x and y are two orthogonal
components of the primitive output of the lock-in amplifier, which are used to derive /5 after adjusting the lock-in phase to remove the out-of-phase current that arises from

capacitive coupling rather than tunneling.
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a filter with small By will result in lower noise but will have a
long settling time. A filter with a short settling time will have a
large Bn.°

In the following, we compare two types of LPFs commonly
used in lock-in detection. We use a continuous-time approximation,
despite the fact that most lock-in amplifiers today measure digitally.
This approximation is valid when the sampling frequency is much
higher than the modulation frequency used.

1. nth-order RC filter

This type of filter is described by a time constant 7 and an order
n, which is equal to the number of cascaded first-order RC filters.
The frequency response function of the filter is

1 n
H =|—-1. 23
(f) (l+j27'rfr) (23)
This function can be integrated to obtain the noise bandwidth By,
1 fof 1 \ 1 I(n-1
By=— — ) dx= — 27, 24
NT o fo (1+x2) 4/nr T(n) 24)

where I'(n) is the Gamma function. This filter’s time-domain
response to a unit step function is described by the following
equation:”’

[: u(t)h(t—tHdt' =1- e”/’nf %(5)1, (25)

=0 b\T

y(t)

where u(t) is the unit step function and h(t) is the impulse response
of the filter [inverse Laplace transform of Eq. (23)]. We define the
settling time ¢; by demanding that the filter output is within 0.1% of
its asymptotic value, and therefore

n—1 1
1/1000 = ¢ /7 3 l(5). (26)

1
AN 4

Equation (26) can be solved easily for n = 1 but requires a numerical
solution for higher n. We show in Fig. 5 both the step response func-
tion y(t) and the filter response function |[H( f)|* of the RC filter with
an order ranging from 1 to 8 for an equal settling time of 10 ms. The
reader can play with the parameter 7 in our code’ to determine the
settling time when an RC filter is used for the lock-in amplifier in a
spectroscopic measurement. For an equal time constant [Fig. 5(a)],
a higher order RC filter requires more time to settle after encoun-
tering a step change in voltage during a spectroscopic measurement.
On the other hand, a higher order RC filter has a lower noise band-
width for an equal settling time [Fig. 5(b)]. The filter “efficiency” can
be determined by the time-bandwidth product t,Bx, with a lower
product being better. Table I shows for different order n, the noise
bandwidth By, the settling time f,, the efficiency t,Bx, and the fil-
ter attenuation |H( f)|* at the high frequency limit, for a given time
constant. It also suggests that it is preferable to select a filter of order
n = 4 or higher.

2. Boxcar filter (“synchronous filter”)
For the boxcar filter, the averaging time defines the settling time

ts = tavg. The filter has a frequency response of

sin(7tavg f)

Titavg f (27)

H(f) =
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FIG. 5. Response characteristics of nth-order RC filter with different n. (a) Time-
domain step response y(f) for different n with an equal time constant 7 = 1 ms.
The black dashed line presents an ideal unit step response as a reference. (b)
Frequency-domain response function |H(f)[? for different n with an equal settling
time ts = 10 ms defined in Eq. (26).

Again, we perform an integration to determine the noise bandwidth
of this filter

= [ [Sm(m“gf )] df - —— (28)

”tavgf - 2tavg ’

TABLE |. Noise bandwidth By, settling time fs, time-bandwidth product {sBy, and
filter response function for RC filters with different order n, for a given filter time
constant 7.

n Bx ts Bnts [H(N

1 0.2507"" 6917 1.73 (0.91tf) 2
2 0.1257"" 9.221 1.15 (0.68tf)™*
3 0.0947 ! 11.237 1.06 (0.56tf) 76
4 0.0787 ! 13.067 1.02 (0.48tf)~®
6 0.0627 ! 16.457 1.02 (0.38tf)™"2
8 0.0527 ! 19.637 1.02 (0.32t)7"°
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FIG. 6. Comparison of response function |H(f)|* between a boxcar filter and a nth-
order RC filter, with an equal settling time t; = 10 ms. The boxcar filter has an
averaging time tayq of 10 ms, while the RC filter has a time constant = of 0.763 ms.

The time-bandwidth product for this filter is therefore

1
tsBN = 5 5 (29)

which is lower than any RC filter. If the goal is to attain the low-
est possible noise bandwidth within a given measuring time, then
the boxcar filter is preferred. We give an example in Fig. 6, showing
the comparison of response functions between a boxcar filter and a
4th-order RC filter with the same settling time of 10 ms. The -3 dB
bandwidth of the boxcar filter is 32.0 Hz, which is lower than that
of the 4th-order RC filter, 62.4 Hz. We note that the response func-
tion of the boxcar filter has moderate high frequency “lobes,” which
should be taken into account in lock-in measurements, as shown in
Fig. 10.

I1l. ANALYZING NOISE IN AN ACTUAL INSTRUMENT
A. Toy model

To illustrate the form of the noise spectrum in Eq. (16) and the
resulting SNR in Eq. (21), we will take an example, assuming {(f) is
Gaussian noise with a peak power spectral density of 10™° Hz™ ' on
a white noise background, as shown in Fig. 7.

During the course of a typical spectroscopic measurement, V.
is kept constant, while V4. may increase to 100V,. or more. As a
result, the corresponding ratio I4./I.c may also become quite large.
In order to illustrate the structure of the noise spectrum, we fix I
= 10 pA (note that a fixed I, corresponds to a perfectly flat DOS
as a function of energy) and plot the resulting PSD §;; for different
values of I4. between 0 and 100L,.. Figure 8 shows that, as the DC
bias is increased, the shot noise and +f, sidebands [the S¢ f, term in
Egs. (16) and (17)] increase and eventually dominate the power spec-
trum. In Fig. 9, we illustrate how each noise power term in Eq. (17)
depends on I4.. We set I, = 10 pA and vary I4 between 0.11,c
and 1001, using a boxcar filter with an averaging time of 10 ms.
First, near I4c = 0, the noise power is determined by low frequency
vibrations S0, the preamplifier noise power S, near fo, and the

ARTICLE scitation.orgljournal/rsi
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FIG. 7. The example PSD of dimensionless quantity { used in the toy model. We

__f
take ((f) in the Gaussian form of ¢ + {(0)e™ 2G/? , where {; = 10=° Hz="? is
the white noise background, ¢(0) = 10~ Hz="2 is the amplitude of the Gaussian
peak, and f is the modulation frequency.

Johnson-Nyquist current noise component of Sj;. Second, as I is
increased, shot noise increases Sj; linearly (with a slope of 1 in the
log-log plot), while the ISy 4 term increases quadratically (with
a slope of 2 in the log-log plot) and eventually dominates the total
noise power. We can expect this effect to occur in real STS measure-
ments: as I4. increases, the SNR decreases gradually below its initial
level. If we would like to maintain a consistent SNR throughout a
spectroscopic measurement, we can dynamically adjust the LPFs of
the lock-in amplifier or averaging time to compensate for the effect
of increasing Ic.

As an example, we apply the boxcar filter and nth order RC fil-
ter introduced in Sec. II B on Sj; in Figs. 8 and 9, setting I.c = 10 pA

10?
—— li=100k

lac =2015¢

—— l4c =5l
10! —— Ige=0

10°
107"

1072

Sii (pA%2 Hz™)

1078

g e

-2f —fy 0 fo 2fo
Frequency (Hz)

10~

FIG. 8. Current PSD of the unfiltered demodulated signal calculated using the toy
model Sy, in Fig. 7 with increasing DC current from 0 to 100/,c. The AC current
signal power I2. is fixed to 100 pAZ2. Here, Saa = 25 fA2 Hz~" is a typical level of a
commercial preamplifier”® and Sj is the frequency-independent Johnson-Nyquist
current noise and shot noise of the tunnel junction. See Sec. |V for complete
models of Sza and Sj.
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FIG. 9. Components of noise power calculated as a function of DC current I, from
Egs. (19) and (20) based on the toy model S;;. Noise power is normalized by the (b)
AC current signal power I2. of 100 pA2. A boxcar filter with a settling time of 10 ms
is applied. —~ 15
%)
E
()
and I4c = 100I, to obtain the noise PSD at the output of lock-in E 10
amplifier in Fig. 10. The pronounced peak of the unfiltered output o
is a consequence of S after demodulation. Integrating each spec- £
trum in Fig. 10 (1 Hz-100 kHz) results in a value of SNR™. For the % 5F
three curves in Fig. 10, SNR values are —6.8 dB for the unfiltered n
output, 26.0 dB for the boxcar filtered output, and 28.9 dB for the
fourth-order RC filtered output. The SNR is plotted in Fig. 11(a) as 0 1 1 1 1
a function of I4./I.c, showing that different lock-in LPFs are more 0 20 40 60 80 100
effective in different regimes. Alternatively, we could hold the SNR lyc/ lac

constant by adjusting the settling time of each LPF of the lock-in
amplifier, as shown in Fig. 11(b). The required settling time increases
with increasing ratio I4./I.c. We could save valuable experiment time

FIG. 11. Evaluation of SNR and optimization of settling time for the toy model. (a)
SNR evaluated as a function of /4./l5c With the boxcar filter and the 4th-order RC
filter (as plotted in Fig. 6), with the same settling time of 10 ms. (b) Settling time

by reducing the settling time without sacrificing the SNR at a lower estimated to maintain a constant SNR of 30 dB (I /Proise = 1000). Modulation
V4c where normally the Iy is small. frequency fo = 1000 Hz.
101 b —— unfiltered B. Experimental determination of noise sources
—— boxcar

The toy model is useful for demonstrating the different terms

~ . —— 4"-order RC that contribute to the noise power. We can use our analysis, along
N 107 F with actual noise measurements from an STM instrument, to cal-
L culate the expected SNR for a range of parameters (e.g., fo, I4c,
«g 105 | I, and H). This calculation will allow identification of dominant
~ noise sources, optimization of measurement parameters to maxi-
) mize the SNR, and determination of design goals and benchmarks

107 1 for modifying or replacing instrumentation.
In order to do so, we need to determine the actual PSD of all
noise sources: S¢z, Saa, and Sj, among which Sj; can be calculated

-9
10 10° 107 102 103 10* 10° using I4c and V. [Eq. (53) in Sec. IV B 1]. To determine S, and Sy,
Frequency (Hz) experimentally, we set up a DC measurement (without modulating
the bias voltage). Most of the terms of S;; drop out and we are left
FIG. 10. Current noise spectral density normalized by signal power with a box- with
car filter (blue), a fourth-order RC filter (red), and without a filter (black) on the
output of lock-in amplifier. The response functions of the boxcar filter and the RC Si =I5 Stz + Saa + Sjj- (30)

filter correspond to those shown in Fig. 6. Modulation frequency fo = 1000 Hz. Iy,
is set to 100/5c. The PSD spectrum is symmetric between positive and negative

frequencies, so hereafter only positive sides of all the spectra are plotted. To determine Sy, we set Iq; = 0 by withdrawing the tip by a

few nanometers. Without tunneling current, Sj; vanishes [Eq. (53) in
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Sec. IV B 1], only S.. contributes to the measured demodulated
current noise PSD S;;,

Saa = Sii(Idc = 0) (31)

As we will discuss in Sec. IV A 1, the preamplifier noise power
Saa may depend on the source impedance and therefore on the
dynamic resistance of the junction itself. However, for simplicity,
we now assume that Sy, 20) = Saa(i,=0) and we discuss later in
Sec. IV A 1 when variations of S,, with I3 need to be taken into
consideration.

To determine Sy, we set a finite tunneling current I with
the feedback loop open (so that low-frequency z noise is not can-
celed). We measure the total current noise PSD S;; then estimate S¢¢
by subtracting the previously determined S.. from Eq. (31) and the
calculated Sj; from Eq. (53),

1
S(( = I? (Sii — Saa — Sjj). (32)
C

Using our code,” we load two oscilloscope traces measuring
current from an actual low-temperature STM, as shown in Fig. 12.
We used a Pt-Ir tip and an amorphous Au foil sample at a base tem-
perature of 4 K. We measured the preamplifier PSD S, with the tip
retracted, and we measured the noise PSD S;; with feedback turned
off, after stabilizing at a known set point current of —100 pA and
a bias voltage V4. of —0.1 V applied to the sample. Following the
method described above, in Fig. 13, we calculate the junction noise
Sji using Eq. (53) and estimate Sy using Eq. (32). The reader can
input his or her own data in Sec. I11 B of our code’” and estimate S¢;
for calculating the SNR.

Starting from this empirical data for the separate noise com-
ponents of a DC measurement, we can simulate the process of the
lock-in amplifier. Figure 14 shows the simulated unfiltered demodu-
lation signal for several different values of I4.. Here, we can again
see the increasing noise of the sideband at modulation frequency

5 -
—_~ O B
<<
RS>
= 5| — le=0pA  —— le=—100pA
o = ot
5 -95 -
(@]
-100 |-
-105 I I I I I
0 2 4 6 8 10
Time (s)

FIG. 12. Current fluctuation measured by an oscilloscope (built-in software module
in the Nanonis BP4 controller with a sampling rate of 10 kHz) when tip is out
of (blue) and in (orange) tunneling range. Feedback control was disabled during
measurements.
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FIG. 13. Current PSD estimation from the two measured current time traces in
Fig. 12. (a) PSD estimation was carried out using Welch’s method®® based on fast
Fourier transform. S; was calculated based on Eq. (53) with |/sc| = 100 pA and Ve
=-0.1V, Tj =4 K. Sz, was fitted based on the model in Sec. |V A 1 by Egs. (51)
and (52). Fitting parameters: Rs = 10 GQ, C; = 0.8 fF, Cs = 200 pF, in = 0.8 fA
Hz="2, and vy = 2 nV Hz~ "2, (b) The resulting S calculated by Egs. (31) and
(32) using Sji, Saa, and §j in (a).
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FIG. 14. Simulation of noise current PSD of the unfiltered lock-in demodulation
signal according to Eq. (16), using S¢; estimated in Fig. 13(b). o is fixed at 10 pA
to illustrate how demodulated current PSD increases with /4. from 10 pA to 1 nA.
Vi is fixed at —0.1 V. Modulation frequency fo = 1000 Hz.
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FIG. 15. Simulation of current PSD of the lock-in output (filtered demodulation
signal). I is fixed at 10 pA. V. is fixed at —0.1 V. Modulation frequency fo = 1000 OF ! | | | | |
Hz. A 2nd-order boxcar filter or a 2nd, 4th, or 6th-order RC filter with an equal 0.0 0.0 04 0.6 0.8 10

settling time t; = 10 ms was applied on the unfiltered current PSD with Iy, = (a)
10 pA, (b) 100 pA, and (c) 1 nAin Fig. 14. SNR values are denoted after the names lgc (nA)
of the filters in the legends.
FIG. 16. Estimation of the SNR from Eq. (22) as a function of /4, based on Saa
and Sy, obtained in Fig. 13. Iy is fixed at 10 pA, and a boxcar filter is used. (a)
fo upon increasing I4.. We also compare in Fig. 15, the choice of Modulation frequency fo is tuned with fixed settling time s = 10 ms. (b) Settling
different LPFs on the output of the lock-in amplifier with the stipu- time t5 is tuned with modulation frequency fixed at f, = 1000 Hz. (c) Required
lation that the settling time (to 99.9% of the final value) is 10 ms. settling tlmz_e of_the boxcar filter as a function of Idc_, W|_th fixed fo = 1000 Hz, in
In Fig. 15(a), the DC bias is low, so the noise is dominated by order to maintain a constant SNR of 34 dB [dashed line in (b)].
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time of 10 ms, the boxcar filter is most effective. The reader can carry
out the same analysis with various parameters such as Iq, t;, and
fo following the same section in our Python notebook™ to predict
the current PSD of the lock-in output (see Fig. 23) and calculate the
corresponding SNR values.

Figure 16 shows for the example S, and Sy how the SNR
changes when we tune modulation frequency fo and settling time
ts. A higher modulation frequency increases the SNR particularly
at a high DC current. However within a single spectroscopic mea-
surement, we cannot vary the modulation frequency due to phase
change of the capacitive coupling between the tip and sample. In
general, the choice of modulation frequency should be made as high
as possible, without coinciding with any peak in S;; or running into
the roll-off frequency of the transimpedance preamplifier. We give a
general step-by-step procedure for the choice of frequency in Sec. V,
as there are many terms with frequency dependence in Eq. (21).
On the other hand, the settling time is in principle free for the
experimenter to adjust during the measurement. In Fig. 16(b), it is
straightforward to adjust the settling time at different I4. to main-
tain a constant SNR, as shown in Fig. 16(c). The reader can load his
or her own data in Sec. III B of our interactive Python notebook™
and then calculate the parameters [e.g., t;(V4.) for the boxcar filter
at some fo] for an optimal dynamic LPF of the lock-in amplifier to
apply. Most modern STM controllers have a programmable inter-
face allowing users to program their own spectroscopic measure-
ments and implement dynamic lock-in LPF parameters that can vary
with V.

IV. NOISE SOURCES

Section I11 shows how different types of noises add to affect the
SNR of the measurement. We also showed how to measure some of
the noise sources in a working STM, which allowed us to calculate
the expected SNR under various conditions. In this section, we will
take a more in-depth look at each noise source, in order to be able to
perform noise diagnosis and design better instrumentation.

A. Transimpedance preamplifier noise Sa,

The typical tunnel junction resistance R;j is usually between
10°Q and 10'°Q), and the current to be measured is less than 10 nA
and can be as small as 1 pA. In order to measure the small current
from a high-impedance source, one generally uses a transimpedance
amplifier.

1. The transimpedance amplifier

We review a complete noise model for the transimpedance
amplifier (TTA) circuit consisting of a single operational amplifier
(abbreviated as opamp hereafter), as shown in Fig. 17. Most tran-
simpedance amplifiers are used to read out photodiodes, which
have fixed source impedance. The source capacitance Cs in an
STM system is usually determined by the wiring (typically a coax-
ial cable of tens to hundreds of picofarad) connecting the ampli-
fier to the tunnel junction. The source resistance R is dominated
by the tunnel junction resistance Rj, as the cable resistance is
typically less than 1 kQ, while R; may vary between 10°Q and
10'°Q.
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FIG. 17. Circuit diagram for noise analysis of a TIA connected to a tunnel junction.

The tunnel junction is simplified by current source /(t) and junction resistance R in

parallel with a source capacitor Cs. The dashed triangle denotes the actual opamp,
while the solid triangle denotes a “noise-free” opamp.

Below are some definitions, we will use later

e [y input current;

e Z,: source impedance, connecting the signal source to the
inverting input;

o Z;: feedback impedance between the output and the invert-

ing input;

vn: input voltage noise density of the opamp;

in: input current noise density of the opamp;

A: open loop gain of the opamp;

B =2 / (Zs + Z): feedback factor (proportion of the output

voltage that appears at the inverting input);

—Ap: loop gain;

V., V_: the noninverting and inverting input voltages of the

opamp; and

o Vou: the output voltage of the opamp.

a. Current gain. The current gain can be found by solving the
following two equations:

Vout = A(Vy = V2), (33)

V—_V++V—_V+_Vout

Iin =
in 7 7

(34)

By rearranging terms, we find

Z -V
Vout = (7f + I)Tout

- ~InZi = ~InZi — (AB) ' Vou.  (35)

Solving for Vu, we find
L\
Vour = —Iian(l + A75) . (36)
In the ideal case when the loop gain Af > 1, the current gain is —Z.

b. Noise gain. The noise gain is defined as the ratio between
output voltage noise and input voltage noise. It is obtained by
treating the TIA as a noninverting voltage amplifier. As before, we
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write down two equations and solve for Vou = v, as a function of
V_ =,

Vo =A(va—V_), (37)

V_ = BVout. (38)

Substituting and rearranging terms, we have

-1
vo:vn%(l+%ﬁ) . (39)

In the ideal case when the loop gain Af > 1, the noise gain is 87",
In the opposite limit when Af <« 1, the noise gain is simply A (since
feedback is ineffective with such small loop gain the amplifier acts as
if it were an open loop).

The open loop gain of an opamp generally takes the form "

Ao
A(f) = ,
where fp is the open-loop bandwidth (associated with another
higher-frequency roll-off which will not affect this analysis) and
Ap > 1 is the gain in the low frequency limit. The gain-bandwidth
product (GBP)"' of an opamp is defined as the bandwidth at unity

gain A(f) =1,

(40)

fap = Aofs. (41)

In the high frequency limit, we have A(f) = fosp / 'f. Therefore,
the GBP is the one of the important metrics to compare the fre-
quency performance of different opamps, and it is usually specified
by manufacturers.

From Eq. (39), we know that after 7' (f) curve intersects A(f),
the noise gain will follow A(f). We now analyze the noise gain for
AP > 1 and sketch its behavior with frequency. We first write 8 ' as
a function of admittances instead of impedances,

_ Z z7b ozt ezt
Bl=1+Zfop42 o2 T80 bkl

Zs z:! z:!

(42)

Since admittances are additive in parallel, the numerator is just the
admittance of the parallel combination of Zs and Zy, which we can
define as Zj, so

-1
_ ZP

= ? (43)

ﬁ_l

We now write the explicit form of the admittances in terms of
parallel resistors and capacitors,

Z7' = Ry (27jf ReCr + 1), (44a)
Z,' = R, (27jfRyCy + 1), (44b)
where
R;‘ =R'+R, (45a)
Cp=Cs+Cr. (45b)
So finally,
_ R¢ 27jfR,Cp, + 1
ﬁl_ifﬂ']fPP+ (46)

© Ry 2mjfRCe+ 17
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We observe the noise gain having a zero at 2mjfp, where
fo = (ZﬂRPCP)_l, and a pole at 27jfc, where fc = (27'[Rfo)_1 is
the bandwidth of the TIA. At low frequency, 8 — Rf/ Rp, while at
high frequency, 7' — C, / Cr.

In order for the TIA to be stable, the 7' curve must inter-
sect the open-loop gain curve with a relative slope of less than
40 dB/decade,”’ in other words, the frequency at which A(f) = Cp/Ct
must be higher than f¢, or equivalently

C Cs
o > fe - (— " 1)fc ~ 2R 2, (47)

C

when Cr «< Cs. The source capacitance Cs is determined by the sum
of TIA input capacitance and the capacitance of the wiring con-
necting the tunnel junction to the TIA. The typical cable for a low-
temperature STM has a capacitance of 50-300 pF. For example with
Re =1 GQ, C; = 200 pF, a stable TIA with a bandwidth of 4 kHz
would require a minimum GBP of 20 MHz, but increasing C; to
1 nF would require GBP to be above 100 MHz.

In Fig. 18, we calculate the current gain, loop gain, and noise
gain for a TIA using the parameters for a commercially avail-
able opamp with a GBP of 22 MHz, requiring a gain of 1 GV/A
and a bandwidth of 4 kHz, and assuming a source capacitance of
200 pF. As we choose a source resistance that is much higher than the
feedback resistance, the resulting noise gain of R¢/R, approaches 1 at
low-frequency limit. At high-frequency limit, the noise gain reaches
C,/Cs, then rolls off due to finite open-loop gain. Note that the C¢
required to obtain a bandwidth of 4 kHz is as small as 0.04 pF. It
is smaller than the typical parasitic capacitance for even the small-
est surface mount resistors (usually around 0.15 pF), so it requires
the use of multiple resistors in series with careful layout, or a more
complex feedback network."

We note that the source impedance influences the noise gain
in Eq. (46). In Fig. 19(a), we plot the noise gain while reducing the
source resistance from 10’ Q to 10° Q, which covers the range
of most STM tunnel junction resistances. Conversely, we plot the
noise gain with a fixed source resistance Ry = 10'° Q, but a vary-
ing source capacitance from 1 pF to 10 nF in Fig. 19(b). Note the
noise gain peaks at 1nF and above, indicating an unstable TIA. It
occurs because the GBP of 22 MHz we used is insufficient according
to Eq. (47).

2. Input-referred noise

The output voltage noise density is determined by three uncor-
related noise generators, which must be summed in quadrature,

1. The input current noise iy is amplified by the current gain,

-1
1
o) = —inZf| 1+ — ] . 48
Vo(i) = f( A /3) (48)
2. The input voltage noise v, is amplified by the noise gain,
-1
Vn 1
Vo(e)Zf(1+f) . (49)
B\ 4B

3. The Johnson-Nyquist current noise of the feedback resistor Ry
appears at the output without gain,

Vo(T) = V 2kBTRf. (50)
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FIG. 18. (a) Current gain, (b) loop gain, and (c) noise gain calculated as a func-
tion of frequency for an actual TIA based on a commercially available opamp.*?
Parameters: Rs = 1 GQ, C; =40 fF, Rs = 10 G, Cs = 200 pF, fegp = 22 MHz, and
Ay = 108 V/V. The resulting current gain is 10° V/A up to 4 kHz. In (b), a phase

margin (phase shift at unity loop gain) of 54° is obtained and the phase shift does
not cross 180° up to 100 kHz.

The total output voltage noise PSD is

2 2 2 2
Vo = Vo(i) T Vole) T Vo(T)

2 -1
=2kBTRf+(i31‘Zf|2+;_;)(I+ALﬁ) . (51)
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FIG. 19. Noise gain calculated as a function of frequency with different source
impedance. (a) Source capacitance Cs is fixed at 200 pF and (b) source resistance
Rs is fixed at 10 GQ. Other parameters are the same: R; = 1 GQ, C; = 40 fF,
feap = 22 MHz, and A = 108 V/V.

Equation (51) gives us an expression for the input-referred pream-
plifier current noise PSD Sa,, which we defined in Sec. 11,

Saa = v(z)/R%. (52)

It is important to note that while this expression depends on the
source resistance (that appears in f3), it does not include noise
generated by the source (the tunnel junction). The source resis-
tance appears as a factor in current gain, noise gain, and loop gain
in Egs. (48)-(52). We include all noise generated by the source
resistance in Sj; in Sec. IV B 1.

We calculate the input-referred current noise PSD S, for two
possible TIA configurations in Fig. 20, assuming Rs > Ry, showing
the contribution of each of the three noise generators along with the
total input noise. We can see that the low-frequency noise is dom-
inated by the Johnson-Nyquist current noise and/or input current
noise, while high-frequency noise is dominated by the input voltage
noise. The reader can plug in the parameters for a desired opamp to
be used for a TIA in our code’ and calculate the resulting Sy,.

As we mentioned in Sec. I1I B, S;, may vary with I3 when the
bias V4 is kept constant. In other words, the junction resistance can
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FIG. 20. Input-referred noise current PSD of two TIA configurations based on a
commercially available opamp with fgge = 22 MHz and Ay = 108 V/V.*? (a) The
TIA with a gain of 1 GV/A and a bandwidth of 4 kHz. Parameters: R; = 1 GQ, C;
=40 fF, Rs = 100 G, and Cs = 200 pF. (b) The TIA with a gain of 10 GV/A and
a bandwidth of 1 kHz. Parameters: R = 10 GQ, C; = 15.9 fF, Rs = 100 G(, and
Cs =200 pF. The integrated rms current noise is (a) 2.03 pA and (b) 0.48 pA.

vary by orders of magnitude, which in turn may affect S.. at low fre-
quency. We use the example of TTIA shown in Fig. 20(a) and decrease
the source resistance from 100 MQ to 0.1 MQ. Figure 21 shows that
the low frequency noise increased by order of magnitudes when the
source resistance is below 1 MQ.

3. Comparison between cryogenic
and room-temperature preamplifiers

From Eq. (51) and Fig. 20, we know that input voltage noise
vn, amplified by noise gain 87!, dominates to S, at high frequen-
cies. The cause is the noise gain reaching a constant 1 + Cs/Cs at
high frequencies before roll-off by A(f). In the conventional set up
of an STM where the preamplifier sits outside ultrahigh vacuum
(UHV) and cryogenic environment, it is difficult to reduce the noise
gain because of the large wiring capacitance C;. To minimize the
input voltage noise, one can essentially choose a low noise opamp
(which may have a high input capacitance) or reduce the ratio of
Cs/Cys. While increasing Cr reduces the bandwidth of the TIA, one
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FIG. 21. Input-referred noise current PSD with different source resistances. The
TIA configuration is the same with Fig. 20(a), except that the input voltage noise
vn is a frequency-independent constant at 4 nV Hz= "2,

can decrease Cs by shortening the coaxial cable to a few centime-
ters, which may bring the preamplifier into UHV, cryogenic envi-
ronment, and physically close to the tunnel junction. It also lowers
the Johnson-Nyquist voltage noise v,(r) of the feedback resistor by a
factor of 8.7 from 300 K to 4 K.

Cryogenic (first-stage) preamplifiers have been developed and
improved over decades. The central component of the opamps is the
transistor. We list four types of field effect transistors (FET') that are
compatible with the cryogenic environment, namely, Si-based junc-
tion FETSs (Si-JFETs),"”"® Si-based metal-oxide-semiconductor FET
(Si-MOSFETs),”” " GaAs-based metal-semiconductor FET (GaAs-
MESFETs),”" ™ and GaAs-based metal-oxide-semiconductor FET
(GaAs-MOSFETSs).” ™ We describe the advantages and disadvan-
tages of different types of FETs in the following:

1. Si-JFETs have relatively low flicker noise, but they can only
work above 40 K due to charge freeze-out below 40 K.***° In
other words, JFETs have to be placed away from the 4 K bath,
which contradicts our intention of reducing cable length. In
addition, JFETS’ intrinsic input capacitance is relatively high,
usually a few 10 pF.

2. Si-MOSFETs could be used below 40 K without charge freeze-
out basically by transmitting more power to the conduction
channel via overrated supply voltages.”” Charge trapping is
more pronounced at low temperatures, which increases flicker
noise by one order of magnitude from 300 K to 4 K."

3. GaAs-MESFETs work based on two-dimensional electron gas
with high mobility and do not suffer from charge freeze-out
at the lowest temperature. High electron mobility transistors
(HEMT) are even made for preamplifiers running at megahertz
frequency with the aid of impedance matching.”*””*’ However,
they require extreme care in handling and delicate matching of
units to reduce bias shift”’ and should be cooled down prop-
erly to prevent telegraph noise. Intrinsic noise at 4 K measured
after second stage voltage amplifier is not yet lower than room
temperature preamplifiers with the same gain.”

4. GaAs-MOSFETs would be the best candidate for cryogenic sig-
nal readout with their low noise and high carrier mobility but
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have yet to be improved especially the quality of their oxide
layers.™

In principle, one can balance between noise and bandwidth
and design cryogenic preamplifiers based on one of the above four
types of FETs to lower the input-referred current noise and increase
the bandwidth of the current signal for high-speed spectroscopic
measurements.””’'

B. Tunnel junction noise Sj;

Here, we discuss noise generated in the tunnel junction, from
three main sources: the Johnson-Nyquist current noise and shot
noise of the junction current (denoted by ij), bias voltage noise
(denoted by vy pac), and electromagnetic interference (EMI) voltage
noise (denoted by vyem1), as shown in Fig. 4.

1. Johnson-Nyquist noise and shot noise

In general, current fluctuations in the tunnel junction depend
on the I(V) characteristics of the junction, as discussed in detail in
Ref. 62. Practically, all STS measurements are done in the extreme
low frequency limit (f <« eV/h, f < ksT/h) because kzT/h = 0.21
GHzat T=10mKand e x 1 uV/h =0.24 GHz at V = 1 yV. In this
low-frequency limit, the junction noise PSD is

eV
S]J =el COth(M)’ (53)

which describes shot noise in the high-voltage limit (|eV| > ks T),”’
NEIH (54)

and the Johnson-Nyquist current noise in the low-voltage limit (|eV/|
< kgT),

2k3Tj
R

1
Sii = 2kgT;— = , 55
ji v (55)
where R; is the junction resistance assuming a linear I(V)
characteristic.
Under some conditions, the junction shot noise and the

Johnson-Nyquist current noise may dominate the noise from the
TIA.

e Shot noise: when Vou = IR > 2kg T/e, the junction shot
noise exceeds the Johnson-Nyquist current noise of the feed-
back resistor. At T¢ = 300 K, junction shot noise dominates
when the TIA output voltage exceeds 50 mV (independent
of feedback resistor value).

¢ Johnson-Nyquist current noise: if Tj = 300 K and R; < Ry, the
Johnson-Nyquist current noise of the junction will exceed
the Johnson-Nyquist current noise of the feedback resistor.
In general, we can expect the junction to dominate when
Rj/Tj < Rf/Tf.

Figure 22 exemplifies the dominance of Sj; for a room-temperature
TIA with gain 1 GV/A, and various tunnel junction resistances
Rj and temperatures Tj. The reader can evaluate Sj using our
code” in various experimental conditions. Sjj can be considerably
higher than S.. at higher bias voltages (assuming the feedback
resistor noise dominates S,,). As a result, the measured I(V) and
g(V) fluctuate substantially at higher V4., a common problem in
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FIG. 22. Junction noise current PSD calculated from Eq. (53) as a function of /4
(a) with different R; (equivalent to source resistance Rs) and (b) at different junction
temperature T;. (a) T; is fixed at 300 K and (b) R; is fixed at 100 MQ2. The dotted
lines in both figures show the effective Johnson-Nyquist current noise (2kg T¢/Ry)
from the feedback resistor Rs = 1 GQ of the TIA with T; = 300 K as a reference.

spectroscopic measurements using a fixed LPF for the lock-in ampli-
fier, as shown in Fig. 3(b). For this reason, it is intuitive to apply
a dynamic LPF in the lock-in amplifier, adjusting noise bandwidth
for each point of bias voltage. The advantage of a dynamic LPF is
twofold: first, at low V4, the LPF noise bandwidth can be larger so
we save time; second, a constant SNR as a function of bias voltage
can be achieved.

Note that throughout previous discussions we have implicitly
assumed equal temperature Tj for the tip and sample. Recently, it
was demonstrated by quantum point contact experiments”* that a
temperature difference across the tunnel junction could introduce
an additional term AS;j(AT) to the junction noise in Eq. (53),

1(n" 2\(ATV, —
ASi(AT) =~ — - = || = ) 2ksT/R;, 56
o0 =35 3)(F) T 6o
where 2kgT/R; is the average Johnson-Nyquist current noise of the
tunnel junction, T is the arithmetic average of tip temperature Typ
and sample temperature Tsmple, and AT is the absolute difference
between Tip and T'sample. This excess term AS;;(AT) could reach 15%
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of the average junction Johnson-Nyquist current noise if the tem-
perature of one side of the junction is 4 times the temperature of the
other side (e.g., Tsample = 1 K but Ty, = 4 K). Therefore, in STM
design, one should consider thermal anchoring, not only for the
sample but also for the tip, to minimize the temperature difference
between them.

2. Bias voltage

Bias voltage noise contributes to junction noise as well, in the
form of vnpac/R;, as shown in Fig. 4. For a typical 20-bit digital-
to-analog converter (DAC) with a range of £10 V and speed up to
10° samples/s, the output voltage has a noise floor of around 20 nV
Hz 2. It is comparable to the Johnson-Nyquist voltage noise of a
tunnel junction of 2 MQ at 4 K. For the typical working range of
STM, the voltage noise of DACs for the bias voltage is thus neg-
ligible, but we will see in Sec. IV C 1 that vypac enters S after
amplification.

3. Electromagnetic interference

We include electromagnetic interference (EMI) in the junction
current noise, though technically the electromagnetic noise pick-up
could occur not only at the tunnel junction but also in the wiring.
At high frequency, EMI is known as radio-frequency noise, coupled
via radiation to the whole STM circuitry. If the STM unit is well
shielded, then the interference mostly occurs in the wires and cables
running from the controllers to the STM. At low frequency, EMI
exhibits as ground-loop induction, usually at the line frequency and
its harmonics. The noise sources, however, are not intrinsic. Elimi-
nating EMI is a topic extensively discussed in the literature,” " and
it should be carried out prior to STM noise characterization.

C. Tip-sample distance modulation noise S

Tip-sample distance fluctuation introduces noise that scales
with the signal (both AC and DC); therefore, the power of dimen-
sionless quantity { appears in the SNR of Eq. (21). In this section, we
discuss three factors that influence S¢;: piezo control voltage noise,
fluctuation of apparent barrier height, and mechanical vibration.

1. Piezo control voltage noise

In STM, we actuate the tip by applying a high voltage across
the scanner piezos. A standard sample with a known lattice (e.g., Si
or Au crystal) is used to calibrate the piezo motion with respect to
applied voltage. The calibration factor is usually on the order of a
few nanometers per volt. On the other hand, in the feedback loop,
an error signal between instantaneous value and set point of the cur-
rent is generated, and it adds to the z piezo voltage to move the tip
accordingly to maintain a constant current. The error signal is low
voltage (an output of a DAC) and amplified by a high voltage ampli-
fier (HVA). Additionally, the DAC output noise, which accompanies
the error signal, is amplified with the same gain. The total control
voltage noise is the sum of the amplified noise and the output volt-
age noise of the HVA itself (even when the feedback loop is open),
as shown in Fig. 4. As a consequence, one can estimate tip-sample
distance modulation due to noise from piezo control voltage. For
instance, frequency-independent noise with an amplitude spectral
density of 1 4V Hz™"* multiplied by a 1 nm/V calibration factor
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results in 1 fm Hz™"? in the z direction. After the conversion, one
can compare the piezo control voltage noise with the mechanical
vibration.

When spectroscopic measurements are being performed, the
feedback loop is open in order to have a constant tip-sample dis-
tance. In this case, any fluctuation in HVA outputs (not only z but
also x and y) would cause fluctuation in the tip-sample distance. One
can add switchable low pass filters (with a cutoff frequency on the
order of ~0.5 Hz) after the HVA outputs” and activate the LPFs
for the HVA outputs to attenuate AC noise from the DACs and
the HVA (only during spectroscopy, as the feedback control signal
would also be attenuated in the closed feedback loop). Furthermore,
as DC drift cannot be filtered out by the LPFs of the HVA outputs,
care must be taken to avoid substantial temperature changes in the
HVAs, since input offset voltage could drift ~0.05 mV/°C, which
yields ~1 pm/°C at a gain of 20. This temperature change is concern-
ing because the HVAs draw considerable power (~5 W per opamp),
so sufficient air cooling must be implemented for the HVAs.

2. Apparent barrier height

In Eq. (6), we treat x as a constant, or at least insensitive to
change in bias voltage or tip-sample distance, which is generally
the case. Here, we need to emphasize that in some situations ¥ may
vary spatially’”’ or as a function of applied bias voltage,’ which effec-
tively introduces fluctuation in current. For a rectangular tunnel

. 70,71
barrier,

K= %\ /2mda, (57)

where ¢, is the apparent barrier height, usually considered as a con-
stant yielding to the average work function of the tip and sample.
However, experiments’~ show that close to crystal step edges, due
to dipole moment build-up (Smoluchowski effect’”), ¢, varies with
applied voltage up to ~15%/V in the intermediate bias range. Fur-
thermore, local chemical potential on the sample surface may fluctu-
ate spatially and result in variation of x by as much as 60%.”” Com-
pensations methods based on local barrier height measurements’*
are needed for such samples before performing spectroscopic mea-
surements.

3. Mechanical vibration

The other part in the dimensionless quantity { is the fluctuation
in tip-sample distance z,(t). Since « is typically 2 A™%, z, exceeding
1 pm results in 2% variation in the current signal. The environmental
noise, mainly mechanical vibration and acoustic noise, could easily
excite z,, over 1 pm if the tip-sample junction is lightly coupled to the
laboratory environment. To minimize the acoustic noise, one can
move all the sound sources out and apply sound absorbing materials
on the walls of the lab room. On the other hand, mechanical vibra-
tion is always a major concern in system design of all STMs. Vibra-
tion transfer is quantified by the overall structure transfer function
K in Fig. 4, which is approximately™

K(f) » (j}) , (58)

where f1 and fs are natural frequencies of the isolators and STM,
respectively. It is immediately clear that one should increase fs and
decrease f1 to minimize vibration noise. First, multistage isolators
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including suspension springs, pneumatic systems, and eddy-current
dampers are commonly used to decrease f1 but limited down to
~1 Hz; second, it is important to improve the stiffness-to-weight
ratio of the STM unit in order to increase fs; and third, an alter-
nate approach is feasible to measure the transfer function and apply
real-time (synchronized) vibration cancellation to the current sig-
nal. Since it is beyond the scope of this article, here, we direct the
readers to one good example of each method, in Refs. 53, 59, and 75,
respectively.

V. CONCLUSION

In this article, we give an explicit expression for the SNR in
scanning tunneling spectroscopy, a flowchart to decompose the var-
ious noise sources and their relations, and a computer code” to
estimate each noise source and to predict the SNR with different
experimental parameters. We provide an example of noise in an
actual STM, give suggestions for low-pass filters of the lock-in ampli-
fier to enhance the SNR, and offer methods to keep the SNR constant
during a spectroscopic measurement. We discuss in detail the noise
sources from the transimpedance preamplifier, the tunnel junc-
tion, and the tip-sample distance fluctuation. Through iterations
of eliminating or suppressing the noisiest source, one can achieve
a stable low noise condition in scanning tunneling spectroscopic
measurements.

As pointed out in Sec. I, time is the major limiting factor in
QPI imaging with atomic resolution. We suggest an algorithm to
optimize the SNR in single-point spectroscopy before launching a
lengthy QPI measurement that lasts a few days.

1. Measure S.. by withdrawing the tip by a few nanometers
[Figs. 12 and 13(a)] and compare it with the model S.. in
Sec. IV A 1 or noise specification curves if a commercial
preamplifier is used. Suppress all extra noise peaks (normally
at the line frequency and its harmonics) by inspecting EMI
introduced to the system.

2. Measure S;; in a DC measurement [Figs. 12 and 13(a)] at the
desired setup bias voltage and current set point with feed-
back control disabled, and extract S¢; according to Eq. (32)
[Fig. 13(b)].

3. Find corner frequency fr of flicker noise (Fig. 1) and com-
pare flicker noise power Pr with preamplifier noise Pamp using
Eq. (4). If Pg > Pamp, the lock-in method should be applied
for STS measurements; otherwise, the DC method should be
used.

4. Inspect noise peaks in S;; and suppress the corresponding
environment vibration noise sources if possible.

5. Pick an initial modulation frequency f, that has a low noise
spectral density in S;;. Note that fo cannot be larger than famp.

6. Perform a single STS measurement for converting V4. to I4c
[Fig. 3(a)] and obtaining the ratio of I4./I. as a function of
Vie.

7. Calculate the SNR as a function of V4. with Eq. (22), using
the relation between I4./I,c and V4. obtained in the previous
step.

8. Calculate the SNR as a function of modulation frequency
fo [Fig. 16(a)] and change fo to a frequency that has an
overall higher SNR in the measured range of I4.. Note that
both fo and 2f should be away from frequencies of existing
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noise peaks to avoid considerable cross-correlation terms in
Eq. (12).

9. Calculate the filter parameters for the lock-in amplifier, such
as settling time of boxcar or RC filter as a function of V. to
keep the SNR constant (Fig. 11).

10. Apply the dynamic low-pass filter from the previous step to
the lock-in amplifier and perform another STS measurement
to check the SNR [Fig. 3(a)]. Iterate steps 5-9 until a constant
SNR is achieved.

Once the SNR is optimized in single-point spectroscopic mea-
surements, one typically saves time at low bias voltages, where the
SNR is generally higher than the SNR at higher bias voltages for a
static LPF of the lock-in amplifier (Fig. 16). We also recommend test-
ing the dynamic LPF setting for the lock-in amplifier on a few spatial
locations. By improving noise conditions and dynamically optimiz-
ing the LPF parameters of the lock-in amplifier, efficiency can be
substantially increased in STS measurements and QPI imaging.
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NOMENCLATURE

Acronyms

ARPES  angle-resolved photoemission spectroscopy

DAC digital-to-analog converter
DOS density of states

ENBW  equivalent noise bandwidth
EMI electromagnetic interference
FET field-effect transistor

FT Fourier transform

GBP gain-bandwidth product
HVA high-voltage amplifier

LPF low-pass filter
PSD power spectral density

QPI quasiparticle interference
rms root-mean-square
SNR signal-to-noise ratio

STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
TIA transimpedance amplifier

UHV ultrahigh vacuum

Symbols

g differential conductance (A V™!)
I current (A)

i current noise (A)

r spatial location (m, A)

\% voltage (V)

y voltage noise (V)

q momentum transfer (m~*, A™})
k momentum (m_l, A_l)

P power of the current (A?)

t time (s)
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temperature (K)

frequency (Hz)

current decay constant (m~Y A
tip-sample distance (m, A™")

dimensionless fluctuation factor [Eq. (8¢)] (1)
dirac delta function

power spectral density

unit imaginary number

elementary charge (C)

resistance (Q)

frequency response function

specific current power (1)

equivalent noise bandwidth (Hz)

impulse response function in the time domain
step response function in the time domain
capacitance (F)

impedance (V A~ D)

open loop gain (1)

feedback factor

Boltzmann constant (J K™}, eV K1)
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FIG. 23. (a) Estimated PSDs of the tip out of (blue) and in (orange) tunneling range.
The measurements (current traces not shown) were carried out with a Ptlr tip and
CeBi sample at 4 K with feedback control disabled. Setup conditions: Vg, = 0.4 V
and lqc = 1 nA. The corresponding S;; was calculated based on Eq. (53). (b) S¢¢
calculated by Eqgs. (31) and (32) using S, Saa, and Sj in (a).
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$a apparent barrier height (J, eV)
K mechanical transfer function

APPENDIX: OMISSION OF THE CROSS-CORRELATION
TERMS IN THE NOISE POWER SPECTRUM DENSITY

We derive Eq. (14) in Sec. IT A from Eq. (12) with the approxi-
mation that cross-correlation terms between the same function with
different frequency shifts, such as {(f — fo){* (f — 2fo), vanish. As
{(f) is unknown [we can only estimate its PSD by Eq. (32)], here
we show an example comparison between the simulated and exper-
imentally measured S;;|H(f)|* to empirically demonstrate it to be a
good approximation.

We estimate Sy by the method described in Sec. III B with
Egs. (30)-(32) in a different STM setup, and the resulting PSDs are
shown in Fig. 23.

Following Eq. (16), we can simulate S;; of unfiltered lock-in
demodulation signal with parameters I.. = 10 pA, I4 = 1 nA,

—_
»

(a)

—_
N
T

_
o
T

Lock-in Amplifier Output (pA)
@

o

1072
E(b) —— Experiment
10-3 I ——— Simulation

104 &
10 &

1078

Current PSD (pA? Hz™")

10—7 -||||||I Ll Lol
10! 10? 10°
Frequency (Hz)

FIG. 24. Comparison between simulated and experimental noise current of the
lock-in output. (a) Lock-in output measured by an oscilloscope (sampling rate
10 kHz) when the tip is in the tunneling range with feedback disabled and bias
modulation activated. Setup conditions: Vg = 0.4 V, lge = 1.0 nA, Vs = 3.5 mV,
and fo = 1170 Hz. (b) Simulated (orange) and experimental (blue) current PSD
SilH(f)|? of the lock-in output. A simple boxcar filter with £, = (272f,)~" is applied
after the lock-in demodulation. The experimental PSD is evaluated by Welch’s
method from (a), while the simulated PSD is calculated by applying the boxcar
filter to S;; estimated from Eq. (16).
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Vac = 0.4V, and fo = 1170 Hz. While the measurable PSD is the
filtered lock-in demodulation signal, we apply a simple boxcar filter
to Sii as shown by the orange spectrum in Fig. 24(b). We measure
the actual lock-in output with exactly the same parameters in the
simulation in Fig. 24(a). The estimated PSD is shown by the blue
spectrum in Fig. 24(b). The simulation agrees well with the exper-
imental result, with an average underestimation of S; of 5%. This
example indicates that Eq. (16) provides an excellent estimation of
the noise PSD of the lock-in demodulation signal.
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