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Quantum 1/f Biochemical Detection Limits
in THz Signatures Revealed by

Scanning Tunneling Microscopy Currents
Amanda M. Truong, Peter H. Handel, Senior Member, IEEE, and Philip Fraundorf

Abstract—It may be possible to amplify the characteristic THz
frequency oscillations of chemical and biological agents that
contaminate surfaces or samples examined with the Scanning
Tunneling Microscope (STM). This THz spectral signature of
the biochemical molecules competes with the frequency fluc-
tuations introduced as phase noise close to the examined THz
frequency by the 1/f fluctuations of the tunneling resistance,
of the resistance of the STM tip, and of the spreading resis-
tance in the sample. Indeed, as we show below, the achievable
spectral sensing resolution is � = [2 C ln 2]1 2 =

[2 ln 2( 2) 4 4]
1 2

=[1 66 10 12]
1 2

= 1 3 10 6.
Therefore, we have calculated the quantum 1 noise of STMs

for the first time, also determining the STM image resolution limits,
including both the conventional and coherent quantum 1/f (Q1/f)
effects. The main contributions are found to be quantum 1/f tun-
neling current noise, and quantum 1/f effect in the piezoelectric
transducers in the feedback loop that controls the position of the
needle above the sample. The results are compared with experi-
mental data on STM resolution.

Index Terms—Phase noise, quantum 1/f noise (Q1/f), spectral
sensing of biochemical agents, scanning tunneling microscope
(STM) quantum limitations, STM resolution limits, 1/f noise.

I. INTRODUCTION

THE quantum 1/f (Q1/f) resolution limits imposed by
Q1/f noise [1]–[11] on Scanning Tunneling Microscopes

(STMs) are determined here for the first time, including both
the conventional and coherent Q1/f effects. Several noise con-
tributions are considered. When the tip or needle is stationary,
the main contribution is found to be Q1/f tunneling noise. This
tunneling current noise contains contributions from the tun-
neling process through the vacuum, from the needle itself, and
from the spreading resistance in the sample. The conventional
and coherent Q1/f effects and their connection are briefly de-
scribed and calculated. The resulting Q1/f formulas are used to
derive the 1/f noise in each component, which is then compared
with experimental data [12]. Finally, the Q1/f noise is shown to
mimic fluctuations in the tip-sample separation distance, which
ultimately limits the resolution of the STM. The fluctuations
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Fig. 1. Biochemical THz signatures revealed by scanning tunneling mi-
croscopy currents.

introduced by the piezoelectric feedback loop when the needle
is scanning the sample are considered in the Appendix of a
companion paper [13].

To find the quantum limits to the amplification of the charac-
teristic THz frequency oscillations of chemical and biological
agents that contaminate surfaces or samples examined with the
STM, we propose to proceed as follows.

In the tungsten tip T (Fig. 1), a preliminary calculation of the
coherence parameter indicated that both coherent and conven-
tional Q1/f effects affect the resistance, with weights determined
by the coherence parameter ; Here,
is the number of electrons per cm in the direction of the cur-
rent. A detailed calculation of the 1/f noise contributions in the
tip yields analytical expressions for the spectral density of frac-
tional resistance fluctuations . For a tungsten tip cone
angle of 7.5 , minimal radius of 100 , total length of 15 ,
one obtains .

In the vacuum through which the electrons tunnel,
and only conventional Q1/f effect is present. We obtain in this
case, with a potential barrier of , tunneling current
of 20 pA, and a tunneling gap of modulated by the
agent’s molecules

(1)

In the sample, the Q1/f effect in the spreading resistance is
mainly coherent, with small conventional contributions. The
sample in [12] is a silver film, thickness 50 nm, evaporated on
a silicon wafer

(2)
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Within the silver sample (see Fig. 1), we have
, and the coherence parameter is
; here,

of the electron, is the number of elec-
trons per cm.

The total resulting resistance (and current at constant ap-
plied ) fluctuations are thus given by

(3)

With tunneling exponent per unit length ,
and quality factor of the THz oscillation loop , this
yields an error in the determination of the height of the
sample, and a frequency noise

(4)

or phase noise

for .
The achievable THz spectral resolution is therefore, as shown

in detail below

II. THEORY

The STM operates using the principles of quantum tunneling;
in effect it measures the topography and electron distribution
on the sample surface. When a voltage is applied, the electrons
tunnel across the gap from the negatively charged tip to the pos-
itively charged sample. These electrons create a tunneling cur-
rent which completes a feedback loop in the circuit. The feed-
back loop maintains a constant current throughout the circuit
in the scanning mode, while the tunneling resistance varies. A
computer then relates the resulting voltage on the piezoelec-
tric to the tip height above the sample, which is controlled by
a piezoelectric crystal, and produces a representative image of
the surface. Images can be obtained using one of two methods:
maintaining constant height above the sample and producing an
image as a function of the varying tunneling current, or by main-
taining a constant tunneling current and producing an image as a
function of varying tip height. The fluctuations in the tunneling

current or voltage fluctuations in the piezoelectric crystal result
in deviations in tip-sample separation distance.

Here, we consider only a basic STM circuit with the needle
kept stationary, disconnected from the feedback loop in order
to find the ultimate limitations achievable with an STM with
manual control or with an ideal feedback loop. The important
effect of the noise in the piezoelectric feedback loop is consid-
ered elsewhere. The circuit consists of three components. The
first region of interest, i.e., generating 1/f noise, is the tip, which
in this case is tungsten. The second region is the space between
the tip and sample, which we refer to as the vacuum, where the
tunneling occurs. Finally, the sample, which consists, e.g., of a
silver film deposited onto silicon. Note that the current fluctua-
tions calculated for this stationary case yield equivalent height
fluctuations when the current is held constant by an ideal, noise-
less feedback loop that raises and lowers the stationary needle
automatically. The case of the scanning needle is treated sepa-
rately in a companion paper on piezoelectric positioning fluctu-
ations limiting the resolution of the STM in the scanning mode.

In each region, the resistance fluctuations, or equivalently, the
resulting current or voltage fluctuations, can be described by ei-
ther the conventional or coherent Q1/f formulas, in general, by
the universal Q1/f formula, containing the parameter [1]–[5].
The expression for the power spectral density of fractional fluc-
tuations given by the coherent Q1/f effect is

(5)

and the spectral density caused by the fundamental cross section
and rate fluctuations described by the conventional 1/f effect is

(6)

where is the fine structure constant, is
the number of carriers, is the velocity change of the carriers
in the process considered, and is the speed of light. Both as-
pects are combined in the general Q1/f formula

(7)

where the coherence parameter

(8)

indicates to what extent the energy of the drift motion of the
electrons adds up coherently or conventionally over the cross
section of the current, in the Hamiltonian [5]. We denoted with

the number of carriers per unit length in the direction of the
current flow, and with

(9)

the classical radius of the electron, where is the vacuum
permittivity. Often, the dominant form of 1/f noise occurring in
each region can be determined, based on the number of current
carriers in the region allowing for cancellation of one of the
terms in the general formula. The coherent form of 1/f noise
dominates regions with an abundance of current carriers. After
the fractional fluctuations have been calculated, the spectral



IE
EE

Pr
oo

f

TRUONG et al.: QUANTUM 1/F BIOCHEMICAL DETECTION LIMITS IN THz SIGNATURES REVEALED BY STM CURRENTS 3

TABLE I
PARAMETERS FOR THE TUNGSTEN TIP

density in each region can be obtained using the following
relation:

(10)

The resistance fluctuations from each region are uncorrelated,
contributing independently to the total spectral density of re-
sistance fluctuations of the whole circuit. Ultimately, these re-
sistance fluctuations can give insight into height variations be-
tween tip and sample, interpreted as noise in STM images.

III. TUNGSTEN TIP NOISE CONTRIBUTION CALCULATION

The STM tip is perhaps the most important component; the
sharper and more durable the tip, the more accurately it can in-
terpret the sample surface. STM tips have been made from a
wide variety of materials, from platinum-iridium to carbon nan-
otubes. The size of the tip also varies greatly, depending on its
composition, and can be as narrow as a few hundred angstroms.
Narrower tips are advantageous because they can detect more
subtle surface features. For this calculation, we consider a tung-
sten tip with typical narrow cone geometry. The vector , which
runs along the cone axis, is used to define the solid angle and
has its origin at the hypothetical tip of the cone. The tip is rep-
resented here with cone angle defining the angle between the
center axis of the tip and the sidewall. Of course, the tip cannot
have an infinitely sharp point; an actual STM tip is blunted at
the end. Taking this into consideration, we assume the blunted
tip end has a finite radius angstroms. Also, because
the end is blunted, the beginning of the tungsten tip is not at
the vertex of the cone, it actually begins some finite distance
up from the vertex. Using simple geometry, if the cone angle is
7.5 and the small end of the tungsten tip has a radius of 100
angstroms, then the tip itself will begin 760 angstroms from the
vertex of the cone. For all further calculations, this distance of
760 angstroms will be called and the total length of the tip
will called .

For convenience, the parameters for the tungsten tip [12] that
are used in the following calculations have been tabulated in
Table I.

First, the concentration of current carriers within the tip is cal-
culated to reveal the dominant form of 1/f noise in the region.
The number of carriers in the tungsten tip is equal to the con-

centration times the total volume, and can be written in integral
form as

(11)

The concentration for the tungsten tip is the product of
the density, the inverse atomic mass number and the Avo-
gadro number, which gives the concentration in atoms, or
electrons, per cubic meter. The concentration for tungsten
is molecules per cubic meter. Next, we
formulate the differential volume element in the tip region

. For the tip with cone geometry, we assume the
cone angle to be small and the end of the tip having a finite
small radius . The area element is obtained by calculating the
solid angle

(12)

where the limits of integration for are from 0 to , and for
are 0 to . Now, the volume element becomes

(13)

The average number of carriers in the tip is found by integrating
over the volume in (11), letting the length range from to

(14)

Now, using the concentration and radial length values found in
the above table, we have

(15)

This number represents the total number of atoms in the entire
tip. The average number of carriers per unit length is then

(16)

which gives a coherence parameter of

(17)

With this fairly large number of carriers, the coherent form of
Q1/f noise is dominant in the tungsten tip. It is important to note
that because of its unique geometry, the tip exhibits both co-
herent and conventional Q1/f fluctuations. In the small region
at the narrow end of the tip, there are fewer carriers present
and therefore, this region could perhaps exhibit conventional 1/f
fluctuations. In fact, the number of carriers per unit length mul-
tiplied with the classical radius always yields a parameter

larger than unity. Moving towards the base, the tip becomes
broader, more carriers are available, so these thicker regions to-
wards the base are dominated by coherent 1/f fluctuations. In
such regions, the concentration of carriers is uncertain, there-
fore, spectral density is formulated using both coherent and con-
ventional terms, and also involving the coherence parameter .
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TABLE II
PARAMETERS FOR THE VACUUM

The resistance of the tungsten tip, the so-called “spreading
resistance,” is now calculated. Knowing the resistivity , we
integrate over consecutive “shells” of increasing radial distance
from the cone vertex, eventually covering the entire length of
the tip

(18)

Finally, the spectral density of resistance fluctuations in the
tungsten tip is calculated using the generalized Q1/f formula
and the coherence parameter

(19)

Within the tungsten tip, we have

(20)

and the coherence parameter is

(21)

Now, our expression for the spectral density becomes

(22)

where we have used to simplify the
integral.

At this point, the spectral density can be simplified by consid-
ering two cases; when is very small, near the point of the tip,
and when is large, towards the base of the tip. In the first case,
when is small, the denominator of the first integral is domi-
nated by the factor. When is very large, the denominator of
the second integral is dominated by the factor. Therefore, the
above equation is simplified by dropping the factor
in the denominators completely, leaving

(23)

In the tungsten tip, assuming random collisions of the carriers
with the lattice, we have

(24)

where is the effective mass of the charge carrier in the tung-
sten tip. For simplicity, we have set , which is
an average value for the effective mass of the electron in most
semiconductor materials. With all of the parameters defined, we
evaluate the expression of the spectral density

(25)

Clearly, the second term, the coherent contribution dominates in
the tungsten tip region. The fractional fluctuations in resistance
are obtained by dividing the spectral density by the squared tip
resistance

(26)

IV. VACUUM SPACE NOISE CONTRIBUTION CALCULATION

The space between the tip and the sample, referred to as the
vacuum, is the region where the tunneling occurs. By applying
a voltage between the tip and the surface, the electrons in the
conducting tip are attracted to the positive ions in the sample.
If the tip is brought within a relatively close proximity to the
surface, the electrons will tunnel from the tip to the surface.
The current of electrons tunneling from tip to sample depends
strongly on this separation distance, and for separation distances
greater than 1 nm, no tunneling occurs.

The parameters [12] used in the following calculations for the
vacuum space are tabulated in Table II

Now, the number of carriers in the tunneling current must
be calculated. In general, an electric current can be expressed
in terms of the concentration of carriers, the drift velocity and
the cross sectional area of the current: . Rewritten
in terms of , the distance between the tip and the sample, and
with , the current that passes through the
vacuum space is

(27)

Solving this expression for , the number of carriers, gives

(28)

Now, we can substitute values for the tunneling current , and
tunneling distance , given by Koslowski [12] as 20 pico-amps
and two angstroms, respectively. The energy of carriers is only
on the order of a couple electron volts, because the carriers come
from the Fermi sphere of the tungsten tip. From classical me-
chanics, the energy is proportional to the velocity squared. If
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we set the energy of the carriers, , to 4 eV, which is an av-
erage value for the Fermi energy in most metals, the velocity
can be solved for

(29)

where is the mass of the carrier, the electron. Converting
electron volts to joules, we obtain a velocity for the electrons
as they move through the vacuum space between the tip and
sample. Now, the number of carriers in the vacuum is
obtained

(30)

Per unit length we get and, therefore, obtain
. So, when calculating the resis-

tance fluctuations of the tunneling current, the number of car-
riers will be set to one. The conventional form of Q1/f noise,
therefore, dominates the tunneling current, because of the lim-
ited number of carriers.

Next, we calculate the tunneling resistance, which is more
complex in this region, and must be obtained through an expres-
sion for the tunneling current used in combination with Ohm’s
law. This time the expression for the current should include a de-
caying exponential term to describe the tunneling process more
accurately. The tunneling current can be written

(31)

where is the tunneling current, is the distance between the
tip and the sample, and is given by

(32)

The exponential term in the expression is called the transmission
coefficient, the probability that the electron will tunnel through
the vacuum space.

Before calculating the tunneling resistance in the vacuum, we
first write the variance in the vacuum current by differentiating
both sides, and then dividing by the vacuum current

(33)

The variance in kappa is found in a similar fashion

(34)

which gives

(35)

Now, our expression for the vacuum current variance becomes

(36)

TABLE III
PARAMETERS FOR THE SILVER SAMPLE

We let represent the potential barrier , where is
some constant. At this point, we can utilize Ohm’s Law to write
an expression for the differential resistance in the vacuum space

(37)

For most applications, kappa has a value of 20–25 , here
we use the lower limit of 20 . The other values are ob-
tained from the experimental data: the potential barrier of
0.1 V, tunneling current of 20 pA, and tunneling distance of 200
pm. Applying these values, we obtain a resistance of

(38)

Next, we calculate the fractional fluctuations in the tunneling
region between the tip and the sample using the conventional

formula

(39)

Using the expression derived above for the carrier velocity in
the vacuum space along with , we have

(40)

Finally, the spectral density of resistance fluctuations in the
vacuum is obtained by multiplying by the square of the tun-
neling resistance

(41)

V. SAMPLE NOISE CONTRIBUTION CALCULATION

The sample in Koslowski’s experiment [12] is a silver film,
thickness 50 nm, which has been evaporated onto a silicon
wafer. Again, we refer to the following tabulated values for the
silver film sample

As in the calculation for the tungsten tip (Table III), the con-
centration of current carriers within the silver sample must be
calculated to reveal the dominant form of 1/f noise in the re-
gion. The number of carriers in the silver film is equal to the
concentration times the total volume, and can be written in in-
tegral form as

(42)
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The concentration for the sample is again the product of the
density, the inverse atomic mass and Avogadro’s number, which
gives the concentration in atoms per cubic meter. The concen-
tration for silver is found to be molecules per
cubic meter. Next, we calculate the differential volume element
in the silver region . However, here the geometry is
the half plane, so the solid angle is simply

(43)

The volume element is then

(44)

Thus, the average number of carriers in the silver sample directly
beneath the tunneling region is given by

(45)

where , the initial tunneling radius within the silver sample, is
set to 1 Angstrom, about twice the classical radius of the elec-
tron, and represents the maximum tunneling distance through
the silver sample, which is just the thickness of the film itself.
The integration yields

(46)

Then, the number of carriers per unit length is found by di-
viding by the thickness of the silver sample

(47)

Again, we encounter within the silver sample a large number
of carriers, indicating that the coherent form of Q1/f noise also
dominates this region. However, again the geometry of the re-
gion directly beneath the tunneling point must be given careful
treatment. Directly beneath the point of tunneling, the carriers
first enter a very small fraction of the silver sample and eventu-
ally spread throughout the thickness of the film. For this region,
we should again proceed to calculate the spectral density of re-
sistance fluctuations using the generalized Q1/f formula and the
coherence parameter . In the silver film, the coherence param-
eter is .

Calculating the “spreading resistance” in the silver sample,
using the resistivity and integrating over consecutive
“shells” of increasing radial distance from the tunneling point,
we obtain the resistance in the silver sample

(48)

Again, we start with the general expression for the spectral den-
sity of resistance fluctuations, given by

(49)

Within the silver sample, we have

(50)

and the coherence parameter is

(51)

Now, our expression for the spectral density can be written

(52)

where we have simplified the integral by setting .
Once again, the integral is simplified by considering two cases;
when is very small, directly beneath the point of tunneling,
and when is large, when the tunneling electrons have trav-
eled completely through the thickness of the silver sample. For
the case when is small, the denominator of the first integral is
dominated by the factor, just as in the tungsten tip. When is
very large, the denominator of the second integral is dominated
by the factor. Therefore, the above equation is simplified by
dropping the factor from the denominators com-
pletely, leaving

(53)

In the silver sample, just as in the tip, we assume random colli-
sions of the carriers with the lattice

(54)

where is the effective mass of the charge carrier in silver,
for simplicity we have set , which is an average
value for the effective mass of the electron in most conducting
materials. With all of the parameters defined, integrating the ex-
pression of the spectral density yields

(55)

Again, the second term, the coherent contribution dominates
in the silver sample region. The fractional fluctuation in resis-
tance is obtained by dividing the spectral density by the squared
sample resistance

(56)

VI. TOTAL CIRCUIT RESISTANCE FLUCTUATIONS

Finally, the expression for the total spectral density of current
fluctuations of the three-component system can be constructed
involving the coherent and conventional resistance fluctuations
from each term. The spectral density of current fluctuations can
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TABLE IV
RESISTANCE, FRACTIONAL FLUCTUATIONS, AND SPECTRAL DENSITY

then provide information about the perceived fluctuations in tip
height above the sample. First, we summarize the resistance,
fractional fluctuations, and spectral density from each region
(Table IV).

The current can be written using Ohm’s law. The voltage is
set equal to the EMF of the circuit and is the sum of
the resistances of each component since the components are in
series with each other

(57)

The variance in the current is then

(58)

where , , and are Q1/f resistance fluctuations in the
tip, vacuum and sample respectively. The three components are
uncorrelated, each contributing independently and, therefore,
the cross terms can be dropped when we square the expression

(59)

which is also

(60)

or, written in terms of the fractional fluctuations of resistance
fluctuations

(61)

gives an expression for the fractional fluctuations in the current
noise as a function of the fractional fluctuations in resistance of
each region. This expression is dominated by the middle term,
which has the largest coefficient. Plugging in the resistances and
fractional fluctuations from the table above, the total fractional
fluctuations in the current of the three-component system is then

(62)

This quantity represents the fractional fluctuations in the cur-
rent, dominated by fluctuations in the tunneling region. We

could, therefore, define the spectral density of the tunneling
current noise as

(63)

Finally, the fractional fluctuations in the current can now be
used to give insight into the variations in the tip-sample sepa-
ration distance, . Recalling (36) from above, relating current
fluctuations with the separation distance

(64)

Now, plugging in the value for the total current fluctuations and
the given value for , taken to be 20 , as in Section III,
we can solve for the perceived variation in height due to current
fluctuations

(65)

VII. CONCLUSION

In the theoretical Q1/f calculation of the current noise, the
dominant term was found to be the noise from the tunneling
current. The corresponding current fluctuations are defined
as

(66)

which gives a theoretical value of current fluctuations of

(67)

The experimental data of Koslowski [12] for the magnitude
of the tunneling current noise was obtained by two methods;
using a digital signal analyzer connected to the current signal
to precisely measure the spectral behavior and using a crude
“noisemeter” consisting of two independent channels that
evaluate the noise magnitude at two specific frequencies

and . These two frequencies were
chosen to be well above the cutoff frequency of the topographic
feedback loop to avoid interference from the current noise and
other properties of the feedback loop, such as the tunneling
barrier height. Each channel of the “noisemeter” calculates
the noise magnitude by passing the current signal through a
bandpass filter. The filter signal is then squared and averaged
over a time interval switchable between about 30 or 300 ms.
The output signal of the “noisemeter” is proportional to the
power spectral density of the current noise at 2.3 or 4.7 kHz.

The experiments were done on thin silver films deposited onto
silicon. In surface images, the bright areas were defined as re-
gions of high current noise (later referred to as regions) em-
bedded in darker regions of low current noise ( regions). At
the 2.3 kHz frequency, the spectral density of current noise in
the regions was approximately and
in the regions approximately . The
corresponding noise amplitudes are obtained by taking square
roots, as above, giving the current fluctuations . In the low
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noise regions, this gives and for high noise
regions .

The theoretical noise amplitudes are fairly close to the ob-
served values in the low noise regions of the sample, within one
order of magnitude. The theoretical values obtained were based
on geometrical parameters that were estimated, such as tip ge-
ometry, tip-sample separation distance, and current set by the
feedback loop.

The achievable THz spectral resolution is therefore,
as mentioned in the abstract,

.
This expression allows for the optimization of the system by
optimizing the factors contained in the expression of .

For instance, the noise is reduced if the velocity change of the
electrons in the tunneling process is lowered, thereby reducing
the bremsstrahlung amplitude of this process. This amplitude
determines the conventional part of Q1/f noise. It also would be
useful to increase the number of electrons involved in tunneling
at any time, so would be larger than 1 in (39) and (40). A re-
viewer has suggested the use of a gas instead of vacuum, in order
to increase . This, however, introduces other forms of noise
caused by the fluctuating number of adsorbed gas molecules on
the sample and tip surfaces. If this problem could be overcome
with the use of noble gases, the formation of space charge would
also help to reduce noise. This would in fact sacrifice lateral spa-
tial STM resolution for sharper spectral sensing of chemical and
biological agents.

We finally mention that the data characterizing various STM
systems could differ very much from what we used as an ex-
ample. For instance, if instead of using in the ex-
ponent of the tunneling transmission factor we would use the
higher value of 25/nm, the vacuum resistance would increase
its exponent of 9 by about 20%, i.e., the current would decrease
by almost two orders of magnitude. On the other hand, a tenfold
increase in the quality factor of 10 that was assumed at THz fre-
quencies would decrease the frequency uncertainty by
two orders of magnitude.
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