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High resolution thermometry plays an important role in several micro/nanoscale studies. Here,
we present a detailed analysis of the resolution of resistance thermometry schemes that employ
an electrical sensing current to monitor the temperature-dependent resistance. Specifically, we
theoretically and experimentally analyze four different schemes where modulated or unmodulated
temperatures in microdevices are measured using modulated or unmodulated sensing currents. Our
analysis and experiments suggest that measurement of unmodulated temperatures using a modulated
sensing current improves the resolution in comparison to a scenario where an unmodulated sensing
current is used. However, depending on the exact measurement conditions, such improvements might
be modest as the overall resolution may be limited by random low frequency environmental tem-
perature fluctuations. More importantly, we find that high-resolution thermometry can be achieved
in the measurement of modulated temperatures. Specifically, we show that by using appropriate
instrumentation and a 10 k� platinum resistance thermometer it is possible to measure modulated
temperatures (0.5–20 Hz) with a resolution of about 20–100 μK. The advances described here
will enable a dramatic improvement in the heat-current resolution of resistive thermometry based
microdevices that are used for probing nanoscale phonon and photon transport. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4744963]

I. INTRODUCTION

High-resolution thermometry plays a critical role in
the function of a variety of microdevices1–4 including ultra-
high resolution calorimeters,5, 6 scanning thermal imaging
probes,7 and suspended microdevices used for probing
energy transport at the nanoscale.1, 8, 9 As a concrete example,
consider the role of thermometry in probing nanoscale heat
transport. A majority of nanoscale heat transport studies
utilize a microfabricated suspended island with an integrated
thermometer that functions as a heat flow calorimeter5

(Fig. 1). The ultimate heat flow resolution (QRes) of such a
microdevice depends on the thermal conductance between
the thermally isolated region and the thermal reservoir (GTh)
and the resolution of the thermometer (�TRes) and is given by
QRes = GTh · �TRes. Therefore, performing high-resolution
thermometry is critical for measuring small heat currents.

Resistance thermometry is one of the most widely used
approaches to measure temperature changes at the microscale.
The popularity of this approach stems from the relative ease
with which it can be implemented in comparison to other ap-
proaches such as bimaterial cantilever based thermometers
that offer high resolution.3, 10, 11 Microscale resistance ther-
mometry is typically implemented using a thin film platinum
resistance thermometer (PRT), whose electrical resistance in-
creases almost linearly with temperature over a wide range of
temperatures.

In this article, we present a detailed analysis of the
noise characteristics of resistance thermometers. We analyze
the various contributions to noise that limit the resolution

a)Electronic mail: meyhofer@umich.edu.
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of resistance thermometry. Specifically, we analyze the
resolution of PRTs in four different scenarios: (1) measure-
ment of an unmodulated temperature using an unmodulated
(dc) electrical current, (2) measurement of an unmodulated
temperature using a sinusoidally modulated sensing cur-
rent, (3) measurement of a modulated temperature using
an unmodulated sensing current, and (4) measurement of
a sinusoidally modulated temperature using a sinusoidal
sensing current. Our analysis and experiments identify the
limits to resolution in each of these scenarios and provide
the information necessary to determine when each of these
schemes can be beneficially employed.

II. NOISE SOURCES IN RESISTANCE THERMOMETRY

Resistance thermometry is based on the measurement
of the electrical resistance (R) of a temperature-dependent
resistive element that is in thermal equilibrium with the object
whose temperature (T) is to be measured. To understand the
factors that limit the resolution of a resistance thermometer
it is instructive to consider the configuration shown in
Fig. 2(a). In such a configuration, the resistance (R(T)) is
monitored by passing a known sensing current (Is) through
it and measuring the resulting potential difference (V) across
it. Subsequently, the desired temperature is obtained from
the calibrated relationship between electrical resistance and
temperature. Although resistors made from copper, gold,
platinum, and niobium are used, PRTs are the most popular
choice due to their stability in different environments12

and the almost linear dependence of their resistance on
temperature13 over a broad range of temperatures. The
measured temperature dependence of the PRTs is typically
tabulated using the Callendar-Van Dusen equation13 or other
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FIG. 1. Principle of heat flow calorimetry. The sensing stage is isolated from
the thermal reservoir by a finite thermal conductance (GTh). The magnitude
of the heat current is quantified by measuring the temperature difference �T.

polynomial relations.13 Alternatively, it is also expressed in a
closed form using the Bloch-Grüneison formula.14

In order to measure small temperature changes it is
convenient to define a term called the temperature coeffi-
cient of resistance (TCR), which is conventionally denoted
by the symbol α. At any temperature, TCR is defined
by α(T) = (dR/dT)/R(T). The change in the temperature
of the resistor (�T) can then be directly obtained from
�T = �VRT I / [IsR(T )α], where �VRTI is obtained by
dividing the voltage change (�VOut) at the output of the
amplifier by the amplifier gain G1. We note that the voltage
changes are measured in a bandwidth �f. This equation
suggests that the noise equivalent temperature (NET) that
represents the temperature resolution (�TRes) of a resistance
based thermometer is given by

NET = �TRes = �VNoise,RTI

[IsR(T )α]
, (1)

where �VNoise,RT I is the root mean square (RMS) value
of the voltage noise (measured relative to the inputs) in the
measurement bandwidth �f. This suggests that, if the heating
power is not a constraint, employing large sensing currents
(Is) or choosing a PRT with a large R can enable very high
resolution measurements. However, in certain scenarios
large sensing currents result in self-heating effects that are
detrimental to the measurement as well as device stability, in
which case it is necessary to choose a resistance thermometer
with a larger value of α to obtain a higher resolution. Specif-
ically, the impact of self-heating on the temperature rise de-

FIG. 2. Principle of resistive thermometry. (a) The electrical resistance is
monitored by passing a known current and measuring the voltage drop across
the resistor. The temperature of the object of interest is obtained by cali-
brating the relationship between resistance and temperature. (b) Differential
measurement scheme for isolating the signal of interest by rejecting the com-
mon mode voltage. The effect of drift in the environmental temperature is
also attenuated by the differential scheme.

pends on the thermal conductance (Gth) between the thermally
isolated region and the thermal reservoir (Fig. 1) and must
be taken into account while choosing the sensing current.
Further, we note that in microdevices it is not always feasible
to increase the resistance to large values due to constraints
on the maximum possible footprint of the resistor. Hence,
to maximize temperature resolution it is important to under-
stand the limitations imposed by various noise sources on
�VNoise, RTI.

The noise in the voltage signal has multiple components,
which could be broadly categorized as intrinsic (Johnson and
shot) and non-intrinsic noise (e.g., 1/f noise, amplifier noise,
etc.). To perform high-resolution thermometry, it is neces-
sary to quantify the contribution of these noise sources. We
now provide a brief description of the power spectral density
(PSD) of various noise sources.

Johnson noise arises due to spontaneous thermal fluctua-
tions of charge in a resistor. For frequencies below 1 MHz and
temperatures above 25 K the PSD of Johnson noise is well
approximated by15 PSDV,Johnson[V2/Hz] = 4kBT R, where
kB is Boltzmann’s constant, T is the equilibrium temperature
of the reservoir, and R is the resistance (the units of the PSD
are shown in the square brackets). Shot noise arises from the
granular nature of charge, which manifests itself as fluctua-
tions in the sensing current. The power spectral density of shot
noise is well approximated by15 PSDI, Shot[Amp2/Hz] = 2qIs,
where q is the charge of a proton, and Is is the magnitude of
the sensing current supplied through the resistor (Fig. 2(a)). In
addition to this noise, the sensing current may also have addi-
tional noise contributions due to non-idealities (NI) in the cur-
rent source, which can be quantified by directly measuring the
PSD of the current source (PSDI, NI)[Amp2/Hz]. The low fre-
quency noise arising from ambient temperature changes and
structural changes in the electronic components comprising
the measurement setup is collectively called 1/f noise. Since
an a priori estimation of the power spectral density of 1/f
noise (PSD1/f [V2/Hz]) is usually difficult it is characterized
experimentally.

Amplifier noise is the cumulative effect of non-idealities
in the amplifier components, which manifest as voltage noise
at the output of an amplifier. Amplifier noise has two inde-
pendent components: the relative-to-input voltage noise (RTI)
and input current (IC) noise.16 The power spectral density of
the RTI noise (PSDV, RTI [V2/Hz]) depends on both the gain
of the amplifier and frequency. The IC noise of the amplifier
is a frequency dependent noise at the input of the amplifier
due to a finite current flow into the amplifier and is repre-
sented by PSDI, IC [Amp2/Hz]. The contribution of each of
these sources depends on the detailed design of the amplifier/
instrument under consideration and is usually characterized
experimentally.

The total power spectral density of noise (PSDNoise, RTI)
relative to the input of the amplifier shown in Fig. 2(a) can be
obtained from (assuming that all noise is uncorrelated)17

PSDNoise,RTI = [(PSDV,Johnson) + (PSDI,Shot + PSDI,NI

+PSDI,IC)R2 + PSDV,RTI + PSDV,1/f ].

(2)
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The RMS value of the voltage noise relative to the inputs
(�VNoise, RTI), in the bandwidth of interest ( f0, f0 + �f ), can
then be obtained from

�VNoise, RTI =
[∫ f0+�f

f0

PSDNoise,RTI(f )df

]1/2

. (3)

Using this expression and Eq. (1) the NET of a resistance
thermometer can be estimated.

A. Differential scheme for measuring small
temperature changes

Measurement of small temperature changes using the
scheme shown in Fig. 2(a), especially when the temperature
changes are unmodulated, is limited by fluctuations in ambi-
ent temperature, which leads to spurious measurements. Fur-
thermore, since the change in the voltage signal resulting from
the small temperature change, �T, is relatively small, an in-
strument with a large dynamic range is required.

The problems associated with temperature drift and the
required dynamic range can be addressed by adopting the
differential scheme shown in Fig. 2(b), which in fact repre-
sents one half of a Wheatstone bridge network. Full bridge
configurations are frequently employed in related measure-
ment applications (with some relatively small advantages and
disadvantages), but since it is generally not feasible to fab-
ricate multiple sensing resistors into micro- and nanoscale
device structures of interest, we focus in this work on the
configuration shown in Fig. 2(b). Overall, this configuration
offers lower noise given the smaller overall source resis-
tance. We note that the analysis for a full bridge is nearly
identical.

In the configuration shown in Fig. 2(b), a second “match-
ing” resistor whose resistance and TCR values are chosen to
be “very” close to that of the “sensing” resistor is incorpo-
rated. The sensing resistor experiences a temperature change
�T whereas the matching resistor does not. The voltage out-
puts across the sensing and matching resistors are measured
using two instrumentation amplifiers (first stage) and subse-
quently subtracted from each other using another instrumen-
tation amplifier (second stage). This scheme accomplishes
two purposes: (1) the common mode voltage across the two
resistors is eliminated (discussed in more detail below), en-
abling the isolation of the signal arising from the tempera-
ture change �T, and (2) if the matching resistor is in excel-
lent contact with the same thermal reservoir that the sens-
ing resistor is coupled to, then the effects of environmental
temperature drift can be significantly attenuated as both the
resistors sense similar (although not identical) temperature
drifts. As explained later, the use of such a thermally cou-
pled matching resistor is critical for the measurement of un-
modulated temperature changes—in fact, this idea is the key
to the improvements reported by Wingert et al.2, 8 in their re-
cent work on probing heat transfer in nanostructures with high
resolution.

TABLE I. Different schemes for resistance thermometry. The temperature
is either modulated at a frequency ( fT) or is not modulated. Similarly, the
electrical current for sensing resistance changes is either modulated at a fre-
quency ( fs) or is not modulated.

Temperature Sensing Sensing
Scheme change current frequency

1 Unmodulated, fT = 0 Unmodulated, fs = 0 0
2 Unmodulated, fT = 0 Modulated, fs fs
3 Modulated, fT Unmodulated, fs = 0 fT
4 Modulated, fT Modulated, fs fs − fT, fs + fT

III. SCHEMES TO MEASURE SINUSOIDALLY
MODULATED AND UNMODULATED TEMPERATURE
CHANGES

In this section we present a detailed discussion of dif-
ferent resistance thermometry schemes (Table I). Specifically,
we will examine the advantages and disadvantages of the four
possible schemes involving the measurement of unmodulated
or sinusoidally modulated temperatures using unmodulated or
sinusoidally modulated sensing currents. Further, we also de-
velop expressions to estimate the resolution achievable using
each of these schemes.

A. Scheme 1: Measurement of unmodulated
temperature changes (�T ) using unmodulated
sensing current (Is)

In this scenario, the output signal of the second stage am-
plifier (Fig. 2(b)) is given by

VOut = G1G2[IsRα�T ]︸ ︷︷ ︸
VSignal

+�VNoise, (4)

where G2 is the gain of the stage 2 amplifier (Fig. 2(b)). Equa-
tion (4) shows that the signal of interest is at f = 0 Hz as both
the sensing current and the temperature change are unmodu-
lated. The voltage noise (�VNoise) can be obtained by estimat-
ing the power spectral density of the noise at the output of the
second stage amplifier (PSDAmp Total):

PSDAmp Total(f )

= [2[PSDnoise,RT I (f ) − PSDI,NI (f )R2]G2
1

+PSDV,RT I,Amp2(f ) + PSDV,1/f,Amp2(f )]G2
2,

(5)

where PSDNoise, RTI is defined by Eq. (2), PSDI,NI is the
noise due to the non-ideal behavior of the current source,
PSDV, RTI, Amp2 refers to the relative to input noise of the stage 2
amplifier, and PSDV, 1/f, Amp2 refers to the 1/f noise of the stage
2 amplifier (Fig. 2(b)). We note that in Eq. (5), PSDI,NI( f )R2

is subtracted from the PSDNoise, RTI because the effect of non-
ideality of the current source is eliminated in a differential
scheme. The power spectral density of the noise is usually re-
ported relative to input as (PSDAmp Total, RTI):

PSDAmp Total,RT I (f ) = PSDAmp Total(f )

[G1G2]2 . (6)
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Therefore, the mean square voltage noise at f = 0 Hz (the
frequency of interest here), relative to the inputs, can now be
estimated as

�V 2
Amp Total,RT I,S1 =

∫ �f

0
PSDAmp Total,RT I (f )df, (7)

where �f is the bandwidth of the measurement. We note
that in this scheme, �VAmp Total, RTI, S1 is large because
PSDAmp Total, RTI( f = 0 Hz) is expected to have large contri-
butions from 1/f noise.

In addition to the voltage noise described above, it is
also necessary to consider the effect of the relative drift in
the temperatures of the sensing and matching resistors. To
elaborate, let the temperature of the sensing resistor, at time
t, be T1(t) + �T, where �T is the unmodulated temperature
to be measured, whereas the temperature of the matching
resistor is T2(t). Ideally, T2(t) − T1(t) should be equal to
zero, in which case the temperature difference between
the matching and sensing resistors would be equal to �T.
However, due to temperature drift the actual temperature
difference (�T (non-ideal)) is given by

�T (non ideal) = �T (ideal) + [T1(t) − T2(t)]

= �T (ideal) + �TDrif t (t). (8)

The effect of temperature related drift can be quan-
tified from a knowledge of the power spectral density
of �TDrift, PSD�T, Drift [K2/Hz]. The mean square voltage
noise, relative to the input, associated with temperature drift
�VTemperature Drift, RTI can then be expressed as

�V 2
T emperature Drif t, RT I, S1(f = 0Hz)

= (IsRα)2
∫ �f

0
PSD�T, Drif t (f )df . (9)

In practice this effect is frequently large because the rel-
ative temperature drift at low frequencies can be substantial
(quantified in Sec. V). Therefore, the noise equivalent tem-
perature for scheme 1 (NETScheme 1) can be expressed as

NETScheme 1

=
[
�V 2

Amp Total, RT I, S1 + �V 2
T emperature Drif t, RT I, S1

]1/2

IsRα
.

(10)

This equation suggests that NETScheme1 will
be limited by �V 2

Amp Total, RT I, S1(f = 0 Hz) and/or
�V 2

T emperature Drif t, RT I, S1(f = 0 Hz), depending on their
relative magnitude (quantified later in Sec. V).

B. Scheme 2: Measurement of unmodulated
temperature changes (�T ) using modulated
sensing current (Is)

The large contribution of low frequency noise to the NET
in scheme 1 can be significantly reduced by using a modulated
sensing current (Is sin(2π fst)). The output voltage signal in

this scheme is given by

VOut = G1G2[Is sin(2πfst)Rα�T ]︸ ︷︷ ︸
VSignal

+�VNoise, (11)

where Is and fs are the amplitude and frequency of the sensing
current, respectively. Equation (11) shows that the signal of
interest is now modulated at frequency fs, which can usually
be chosen to be sufficiently large to effectively reduce voltage
noise. This can be best understood by noting that the mean
square voltage noise is given by

�V 2
Amp Total, RT I, S2(f = fsHz)

=
∫ fs+�f/2

fs−�f/2
PSDAmp Total, RT I (f )df. (12)

Therefore, if fs is large (say >100 Hz) the voltage noise
will be substantially smaller as compared to that at lower fre-
quencies where the contribution of the 1/f noise is large. With
a modulated sensing current (Is sin(2π fst)), the mean square
voltage noise associated with the temperature drift, at the fre-
quency of interest ( fs), is given by (see Appendix for more
details)

�V 2
T emperature Drif t, RT I, S2(f = fs Hz)

∼ (IsRα)2

2

∫ �f/2

0
PSD�T, Drif t (f = 0 Hz)df . (13)

The noise equivalent temperature for scheme 2
(NETScheme 2) is therefore given by

NETScheme 2

=
[
�V 2

Amp Total, RT I, S2 + �V 2
T emperature Drif t, RT I, S2

]1/2

IsRα
.

(14)

Equations (13) and (14) suggest that by using a modu-
lated sensing current the effect of 1/f voltage noise can be
substantially reduced. However, the effect of temperature drift
between the matching and sensing resistors can still be large
because PSD�T, Drift( f = 0 Hz) is typically large at low fre-
quencies (quantified in Sec. V). Thus, minimizing PSD�T, Drift

at low frequencies is critical for further reducing the NET.

C. Scheme 3: Measurement of modulated temperature
changes (�T ) using an unmodulated sensing
current (Is)

We now consider a measurement scheme where the
temperature can be modulated at a known frequency fT.
Measurement of modulated temperatures is critical for
performing high-resolution calorimetry5 and photothermal
measurements.11 In order to measure modulated temperature
oscillations, we consider the situation where the sensing cur-
rent (Is) is not modulated, i.e., fs = 0 Hz. In the scheme shown
in Fig. 2(b), only the sensing resistor experiences periodic
temperature modulations (�T sin(2π fTt)) which results in a
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voltage signal at the output of the second amplifier given by

VOut = G1G2[IsRα�T sin(2πfT t)]︸ ︷︷ ︸
VSignal

+�VNoise, (15)

where the signal of interest is at f = fT Hz. The mean square
noise voltage in this scheme can be obtained from

�V 2
Amp Total, RT I, S3(f = fT Hz)

=
∫ fT +�f/2

fT −�f/2
PSDAmp Total, RT I (f )df. (16)

If the frequency of the temperature modulation fT can be
chosen to be relatively large (>100 Hz) the PSD of the volt-
age noise in Eq. (16) can be small relative to the 1/f noise.
Further, in this scheme the voltage noise associated with tem-
perature drift can also be minimized. To elaborate, the RMS
temperature fluctuation (�TDrift, RMS) that would be measured
in a small band of frequencies f = fT − �f/2 to f = fT + �f/2
Hz is given by

�TDrif t,RMS =
[∫ fT +�f/2

fT −�f/2
PSD�T,Drif t (f )df

]1/2

.

(17)

This temperature fluctuation is substantially smaller than
that in schemes 1 and 2 as the PSD�T, Drift is significantly
smaller in the frequency range of interest ( fT − �f/2, fT
+ �f/2). The mean square voltage noise associated with tem-
perature drift, relative to the inputs, in a small band of fre-
quencies ( fT − �f/2, fT + �f/2) is given by

�V 2
T emperature Drif t, RT I, S3(f = fT Hz)

= (IsRα)2
∫ fT +�f/2

fT −�f/2
PSD�T,Drif t (f )df , (18)

and the noise equivalent temperature for scheme 3
(NETScheme 3) is given by

NETScheme 3

=
[
�V 2

Amp Total,RT I,S3 + �V 2
T emperature Drif t, RT I, S3

]1/2

IsRα
.

(19)

Equation (19) suggests that the NET of scheme 3 can be
very small if the temperature is modulated at high enough fre-
quencies. However, in certain microdevices, e.g., those used
in nanoscale heat transfer studies,1, 5 it is not possible to
modulate the temperature at relatively large frequencies, as
the suspended devices have thermal cutoff frequencies in the
range of 1–10 Hz. The next scheme shows that low NETs can
be achieved even in such scenarios by employing a modulated
sensing current.

D. Scheme 4: Measurement of modulated temperature
changes (�T ) using a modulated sensing current (Is)

We now consider the measurement of modulated tem-
perature changes using a modulated sensing current. In this

scheme, the voltage signal at the output of the second ampli-
fier is given by

VOut = G1G2[Is sin(2πfst)Rα�T sin(2πfT t)]︸ ︷︷ ︸
VSignal

+�VNoise,

(20)
where Is is the amplitude of the sensing current and fT is the
frequency of temperature modulation. The voltage signal of
interest can now be expressed as

VSignal = G1G2IsRα�T

2
[cos(2π (fs − fT )t)

− cos(2π (fs + fT )t)], (21)

which shows that the voltage signal has contributions at two
frequencies, fs − fT and fs + fT, both of which can be chosen
to be sufficiently large by choosing the sensing frequency fs to
be large even though the temperature modulation frequency fT
may be small.

In order to obtain the desired signal it is necessary to ex-
tract the signal components in the frequency bands centered
at ( fs − fT) and ( fs + fT) in a width �f. The mean square volt-
age noise corresponding to measurements in these bands of
frequencies is given by

�V 2
Amp Total, RT I, S3

=
∫ fs−fT +�f/2

fs−fT −�f/2
PSDAmp Total, RT I (f )df

+
∫ fs+fT +�f/2

fs+fT −�f/2
PSDAmp Total, RT I (f )df. (22)

Further, the overall noise also has contributions from two
frequency windows—instead of one in scheme 3. This does
not necessarily increase the total noise as the frequency win-
dow can be chosen to be centered at large frequencies, even
though the modulation frequency fT is small. The contribution
to the voltage noise from relative temperature drift between
the sensing and matching resistance can be estimated from
(see Appendix)

�V 2
T emperature Drif t, Total, RT I, S4

∼ (IsRα)2

2

∫ fT +�f/2

fT −�f/2
PSD�T, Drif t (f )df . (23)

This suggests that the noise equivalent temperature for
scheme 4 can be expressed as

NETScheme 4

=
[
�V 2

Amp Total RT I, S4 + �V 2
T emperature Drif t, RT I, S4

]1/2

IsRα
.

(24)

The discussion presented above shows that it is benefi-
cial to use scheme 4 when measuring temperatures that are
sinusoidally modulated at low frequencies.
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E. Summary and comparison of the four
measurement schemes

The detailed discussion presented above lays out the
limitations and requirements for achieving high-resolution
resistive thermometry. The resolution of resistive thermom-
etry is improved significantly by (1) employing a matching
resistor which helps in isolating the signal of interest and
rejecting the common mode noise originating from both
environmental thermal drift and noise in the sensing current,
(2) adopting a modulation scheme that enables measurements
at frequencies where the power spectral density of noise is
small, and (3) choosing a large sensing current as well as
a PRT with a large electrical resistance: parameters which
cannot be increased to arbitrarily large values in most micro
and nanoscale applications due to self-heating effects and
limitation of the device foot print.

It was shown that the resolution of resistive thermome-
try in scheme 1, measurement of unmodulated temperatures
using an unmodulated sensing current, is relatively poor as
the large 1/f noise (from both voltage noise and tempera-
ture drift) results in a large noise signal. The limitations of
scheme 1 are partly eliminated in scheme 2 where unmod-
ulated temperatures are measured using modulated sensing
currents. In this scheme, the NET is significantly improved
as the measurements are made at a relatively high frequency
where the contribution of 1/f voltage noise is negligible. How-
ever, this scheme is still susceptible to noise arising from low-
frequency ambient temperature drift limiting the resolution.
The noise associated with ambient temperature drift is elimi-
nated if the temperature to be detected is modulated at a rela-
tively high frequency. Specifically, our discussion highlighted
the fact that modulated temperatures can be measured using
unmodulated electrical current at high resolution (scheme 3).
However, if the modulation frequency of the temperature is
low, scheme 3 is affected by electrical 1/f noise. In order to
overcome this challenge, we described a scenario (scheme
4) where a modulated sensing current can be used to detect
low frequency temperature modulations. Such a scheme en-
ables measurement at high frequencies attenuating the effect
of both 1/f noise and temperature drift. However, in imple-
menting such a scheme one has to contend with noise in two
spectral windows as the signal is split into two sidebands.

IV. APPROACH FOR EXPERIMENTAL
CHARACTERIZATION OF THE NET OF
TEMPERATURE MEASUREMENT SCHEMES

In order to experimentally test the NET of the schemes
described above it is desirable to fabricate devices that have
both an electrical heater and an electrical resistance ther-
mometer in excellent thermal contact with each other. In such
a device, the electrical heater can be used for generating tem-
perature changes, while the thermometer can be used to mea-
sure the temperature oscillations.

We accomplished this goal by microfabricating devices
with an integrated heater and thermometer (Fig. 3). The de-
vice, fabricated on a glass substrate, features a 8000 μm long,
20 μm wide, and 100 nm thick Au electrical heater line which

FIG. 3. Microdevice used in this work. (a) Schematic diagram of the test
device (not drawn to scale). A micro-heater line (Au heater) patterned on a
glass substrate is used to generate temperature modulations. The top PRT is
patterned on top of the micro-heater line and separated by a thin Al2O3 layer
(see cross section) to electrically isolate it from the heater while maintaining
it in excellent thermal contact with the heater. Note that the Al2O3 layer is
not shown in the schematic in order to facilitate a clear view of the heater
line. (b) Optical image of the microfabricated test device.

is patterned in a four probe configuration using a lift-off pro-
cess. Further, a 40 nm thick aluminum oxide (Al2O3) film is
deposited using atomic layer deposition on the heater line.
Finally, a serpentine shaped platinum thin film (see Fig. 3),
which is ∼2 μm wide and ∼35 nm thick and shaped into
a four-probe pattern, is deposited on the Al2O3 film using a
lift-off process. We note that the thin Al2O3 film serves to
electrically isolate the Au and Pt lines, from each other, while
maintaining them in excellent thermal contact. We choose the
length of the serpentine line such that the resultant electri-
cal resistance of the PRT is ∼10 K�. This choice represents a
compromise between high temperature resolution and the fea-
sibility of integrating PRTs with a resistance of 1–10 K� into
microdevices, including suspended devices used in nanoscale
heat transport studies.1 Thus the improvements described in
this work can be readily utilized for enhancing the resolution
of thermometry used in nanoscale heat transfer studies.

The strategy adopted in this work to characterize the NET
of the four schemes is conceptually simple. The microfabri-
cated device is placed in a cryostat (in a vacuum of ∼10−3

torr) and an electrical current (modulated or unmodulated) is
supplied to the heater. When a sinusoidal electrical current
with a frequency fH is applied to the heater line it results in
temperature oscillations of the heater line at 2fH = fT. The
serpentine PRT sensor fluctuates at exactly the same temper-
ature as it is in excellent thermal contact with the heating line
through a thermally highly conductive 40 nm thick Al2O3

layer (demonstrated experimentally as described later). This
can be understood by noting that the thermal coupling be-
tween the PRT line and the external environment, through ra-
diation and by conduction through the air molecules, is negli-
gible in comparison with the thermal coupling with the heater
line. We now describe in detail our experimental approach.

The first step in characterizing the microfabricated heater
and the PRT is to determine the value of the TCR of the
Au (heater) and Pt (thermometer) thin films. We measured
the TCR by systematically varying the temperature of the
cryostat from 80 K to 320 K while monitoring the electrical
resistance of the heater and the PRT in a four probe config-
uration. To elaborate, a sinusoidal current of amplitude IAC

= 10 μA and frequency fs = 100 Hz was passed through the
PRT and the amplitude of the resultant voltage oscillations
at 100 Hz (V100Hz), across the serpentine region, was mea-
sured using a lock-in amplifier (SR830, Stanford Research
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FIG. 4. Characterization of the temperature dependence of resistance. (a) The measured resistance vs. temperature for the PRT and heater lines: red arrow points
to the resistance of the PRT whereas the blue arrow points to the resistance of the heater. (b) The obtained TCR values for the 35 nm thick PRT (Pt film) and
100 nm thick heater (Au film) line.

Systems) to obtain the resistance (R = V100Hz/IAC). A similar
approach was used to measure the temperature dependent
resistance of the heater line. Figure 4(a) shows the measured
resistance vs. temperature from which the temperature
dependent TCRs were calculated (Fig. 4(b)). The measured
TCR values are in good agreement with published data for
the TCR of Au and Pt thin films of comparable thickness.1, 2

To show that the heater and thermometer are in excel-
lent thermal contact and experience identical temperature
changes, we adopt the configuration shown in Fig. 5. When a
sinusoidal heating current I(t) = IH sin(2π fHt) generated us-
ing a commercially available current source (Keithley-6221)
is supplied to the heater its temperature oscillates sinu-
soidally at a frequency 2fH due to joule heating ( fH was set to
20 Hz in this experiment). Further, the voltage across the
probe electrodes (labeled 3 and 4 in Fig. 5) also has a
component at 3fH, which results from the interaction of
the sinusoidal sensing current at fH and the PRT whose

temperature is oscillating sinusoidally at 2fH. The RMS value
of the sinusoidal temperature oscillation at 2fH (�T2fH

) can
be related to the RMS value of voltage oscillation at 3fH
(V3fH

) by �T2fH
= 2V3fH

/(IHRα).
In addition to the signal at 3fH, the voltage signal across

the probe electrodes also has a large component at frequency
fH. In order to extract the voltage component of interest at
3fH, we placed a bulk potentiometer (see Fig. 5(a)) in series
with the bottom heater. Since the bulk potentiometer has
a large thermal mass its amplitude of temperature oscilla-
tion at 2fH is negligible. Thus the voltage drop across the
potentiometer primarily has a component at the frequency
fH, which can be made identical to the component across
the heater by appropriately tuning the resistance of the
potentiometer. The voltage output across the bottom heater
and that across the potentiometer are first measured using
two precision instrumentation amplifiers (A1, A2, Analog
Devices - AD524), each of which is chosen to have a gain of

FIG. 5. Characterization of the relationship between the RMS value of temperature oscillations and the amplitude of the heating current. (a) Schematic diagram
of the measurement configuration used to measure the RMS values of temperature oscillations of the heater line. A potentiometer is placed in series to implement
a differential scheme that enables the isolation of the 3fH component of the voltage signal. (b) Measured RMS values of the temperature oscillation of the bottom
heater line as a function of the amplitude of the heating electrical current. The frequency of the heating current is chosen to be 20 Hz. Inset shows the same data
plotted as a function of square of the amplitude of the heating current, the relationship is linear as expected (the R-square measure of goodness of fit is 0.999).
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10. The voltage output of these two amplifiers was supplied
to another instrumentation amplifier (A3, Analog Devices
-AD524), which was operated at unity gain. This enabled
us to subtract the voltage component at a frequency fH. The
voltage output of this instrumentation amplifier was supplied
to a lock-in amplifier (SRS-SR830) to measure the RMS
value of voltage oscillations at 3fH. Finally, the RMS value
of the temperature oscillations is related to the RMS value
of the voltage oscillations. The measured RMS values of
temperature oscillations for various amplitudes of sinusoidal
electrical currents ( fH = 20 Hz,) are shown in Fig. 5(b). The
measured temperature oscillation is also plotted as a function
of IH

2 in Fig. 5(b) inset. Indeed, we find that the measured
temperature oscillations increase linearly with IH

2.

A. Noise floor of the 3f-technique

The 3f-measurement technique described above uses
the same electrical current to both induce a temperature
oscillation via heating as well as for sensing the temperature
oscillations. This implies that when the amplitude of tem-
perature oscillations is small, the amplitude of the heating
(sensing) electric current is also low. This lack of independent
control on the sensing and heating currents limits the ability
to measure temperature oscillations of small amplitudes
because the voltage output at 3fH is directly proportional to
the amplitude of the sensing current. Hence, the noise floor
in the measurement of temperature oscillations is relatively
high. For example, the noise floor in our measurements is ∼1
mK and is shown by the dashed line in Figure 5(b).

B. Measurement of temperature oscillations with the
platinum resistance thermometer

In order to independently measure the temperature os-
cillations in the PRT resistor resulting from the heating of
the bottom heater, we adopted the measurement configuration

FIG. 6. Schematic diagram of the instrumentation setup used to measure the
amplitude of temperature oscillations of the PRT. A differential measurement
scheme is used to reject the noise arising from the non-ideality of the current
source and to eliminate the effects of thermal drift. Inset: schematic diagram
of the custom-built current source.

shown in Fig. 6. A dc current, IDC = 10 μA, generated using
a custom built current source (see Fig. 6 inset) was supplied
through the PRT. In addition to a dc component, the voltage
across the probe electrodes (3, 4 in Fig. 6) also has a com-
ponent at 2fH, arising from the interaction of the dc current
and the temperature-dependent electrical resistance. In fact,
the RMS value of the sinusoidal temperature oscillation of the
PRT (�T2fH

) can be related to the RMS value of the voltage
oscillation V2fH

by �T2fH
= V2fH

/ [IDCRα].
In order to isolate the signal of interest (V2fH

) from the
large dc voltage across the resistor, we placed an identical
thin film resistor (matching resistor) in series with the PRT
(Fig. 6), which was also located inside the cryostat. Thus both
resistors experience nearly identical ambient temperature and
thermal drifts. Further, a potentiometer was used in series with
the thin-film resistors (located outside the cryostat) to trim the
dc voltage across the PRT and matching resistor to be equal
(see Fig. 6). The voltage signals across the PRT and across
the matching thin film resistor and the potentiometer are mea-
sured with two precision instrumentation amplifiers (A4, A5,
Analog Devices-AD524) operated at a gain of 100. The dif-
ferential temperature signal from these outputs was obtained
using a second stage monolithic low noise amplifier (A6) with
a wideband, low distortion and high common mode rejection
ratio (Burr-Brown-INA103). Finally, the voltage output of
this instrumentation amplifier was supplied to a lock-in am-
plifier (SRS-SR830) to measure the RMS value of the voltage
oscillations at 2fH. The measured RMS values were used
to obtain the RMS values of the temperature oscillations.
Figure 7 shows the measured RMS values of tempera-
ture oscillations of the PRT line along with the measured
RMS values of the heater line for various frequencies and
amplitudes of temperature oscillations. The data suggest that
the RMS values of the temperature oscillations in the bottom
and top heaters are identical for the entire range of heating
currents—demonstrating that the PRT and the heater lines

FIG. 7. Characterization of the thermal contact between the heater line and
the PRT. The measured RMS values of the temperature oscillations of the
heater and the PRT, due to a sinusoidal thermal excitation of the heater line.
The RMS values increase linearly with the magnitude of the square of the am-
plitude of the heating current. Further, the bottom and top line temperatures
are identical. This provides strong support for the conclusion that the heater
and PRT are in excellent thermal contact. The measurements were performed
over a range of heating frequencies (2fH = 0.5 Hz, 2 Hz, and 20 Hz).
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are in excellent thermal contact. We note that increasing
frequencies of heating current lead to progressively smaller
temperature oscillations, such dependence on frequency is
indeed expected and well understood from basic heat transfer
theory.18

Finally, we emphasize that all the measurements of the
temperature oscillations shown in Fig. 7 were performed for
a range of heating currents that produce temperature oscilla-
tions that are above the noise floor of the 3f technique, so as
to enable a direct measurement of the temperature oscillations
of both the heater and the PRT.

V. POWER SPECTRAL DENSITY OF NOISE

In order to enable an estimation the NET of each of the
schemes described above it is necessary to experimentally
determine PSDAmp Total, RTI and PSD�T, Drift. In this section,
we present our experimentally measured data of these power
spectral densities. Further, we also provide the estimated tem-
perature resolution for each of the schemes described above.

A. Characterization of power spectral densities
(PSDAmp Total, RTI and PSD�T, Drift)

The general strategy used in this work to obtain the
desired power spectral densities is as follows. We begin by
configuring a setup represented by the schematic shown
in Fig. 8. First, an unmodulated current Is = IDC, from
a custom-built current source (Fig. 6 inset), is supplied
through the PRT of the microdevice and a matching resistor
(identical resistance thin film device and potentiometer,
see Fig. 8) while the heating current was turned off. The
voltage output of the second stage amplifier, which measures
the differential voltage between the voltage drop across
the microdevice and the voltage drop across the matching
resistor was monitored to characterize the noise. It is to
be expected that the voltage noise has contributions from
various noise sources including shot noise and temperature

FIG. 8. Schematic diagram of the measurement setup used to obtain the
power spectral densities PSDAmp Total, RTI and PSD�T, Drift. These PSDs are
required to estimate the NET of the four schemes described in this study.

drift. The contributions of various noise sources to the
power spectral density of the voltage noise at the output
(PSDwith Is=IDC

) can be estimated using Eq. (5), for any
given magnitude of the sensing current. When the supplied
current Is is turned off, the resultant power spectral density
(PSDwith Is=0 Amp) is smaller, at all frequencies, as the contri-
butions from shot noise and temperature drift are eliminated.
We note that PSDwith Is=IDC

can be related to PSDAmp Total

(see Eq. (5)) and PSD�T, Drift( f ) by PSDwith IS=IDC
(f )

= PSDAmp total + [(IDCRα)2 PSD�T,Drif t (f )]G2
1G

2
2. Using

this equation and Eqs. (2) and (5), it can be shown that

PSDwith IS=IDC
(f ) − PSDwith IS=0Amp(f )

= [(IDCRα)2 PSD�T, Drif t (f )

+ 2PSDI=IDC, Shot (f )R2]G2
1G

2
2. (25)

This suggests that by measuring the power spectral densi-
ties of voltage output with and without a current, it is possible
to experimentally obtain a linear combination of the power
spectral densities of temperature drift and shot noise (RHS of
Eq. (25)). We also note that the power spectral density of tem-
perature drift (PSD�T, Drift( f )) at high frequencies (>500 Hz)
is negligible, as the temperature cannot fluctuate significantly
at high frequencies due to thermal inertia. Thus, at high
frequencies, the right hand side of Eq. (25) consists primarily
of contributions from shot noise, hence PSDI=IDC,Shot (f )
can be easily obtained at high frequencies. Further, since
PSDI=IDC,Shot (f ) is expected to be relatively independent
of frequency, the obtained high frequency PSDI=IDC,Shot

is representative of the shot noise at all frequencies. The
discussion above highlights the fact that PSD�T, Drift( f ) can
be experimentally determined by measuring PSDwith Is=IDC

and PSDwith Is=0 Amp. Finally, (PSDAmp Total, RTI) can also
be obtained by adding the contribution of shot noise
to PSDwith Is=0 Amp. Specifically, (PSDAmp Total, RTI) is
given by

PSDAmp Total,RT I (f ) = [(PSDwith, Is=0(f ))/(G1G2)2]

+ [2PSDI=IDC,Shot (f )R2]. (26)

In order to experimentally determine PSDwith Is=IDC
and

PSDwith Is=0 Amp we used the configuration shown in Fig. 8.
In this experiment, we first applied a dc sensing current of 10
μA to the PRT, which was found to be adequate for estimat-
ing the desired power spectral densities. The voltage output of
the second stage amplifier (Fig. 8) was simultaneously moni-
tored to obtain the power spectral density using a commercial
FFT analyzer (SR 770, Stanford Research Systems). Precau-
tions were taken to eliminate extraneous sources of noise by
carefully shielding all the wires and the devices from stray
electromagnetic fields: the cryostat chamber used in the ex-
periment was grounded and the low level, differential signals
were collected with cables employing individually shielded
and twisted pairs. Further, special care was taken to avoid
ground loops.19

Figure 9(a) shows the measured power spectral densi-
ties (at 280 K) of PSDwith Is=IDC

and PSDwith Is=0 Amp rel-
ative to the inputs (i.e., measured power spectral density
divided by G2

1G
2
2). As expected, PSDwith Is=IDC

is greater
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FIG. 9. Experimental determination of PSDAmp Total, RTI and PSD�T, Drift. Panel (a) shows the measured power spectral densities (at 280 K) of PSDwith Is=IDC

and PSDwith Is=0 Amp relative to the inputs (i.e., measured power spectral density divided by G2
1G

2
2). The larger power spectral density of PSDwith Is=IDC

,
at high-frequencies, is attributed to shot noise as discussed in the text. The shot noise contribution is seen to be relatively independent of the frequency
(b) PSD�T, Drift for a range of frequencies (1–20 Hz), at two different temperatures (80 K, 280 K) was obtained by first measuring PSDwith Is=IDC

and
PSDwith Is=0 Amp in the frequency range of interest and using Eq. (25) described in the text. (c) Measured PSDAmp Total, RTI of thermometer at 80 K and
280 K in a range of frequencies (1–20 Hz), and (d) measured PSDAmp Total, RTI of thermometer at 80 K and 280 K in a larger range of frequencies (1 Hz–3 kHz).
The data presented in the figure were obtained by first averaging the measured PSD in 200 individual experiments ((a) and (d)) and 20 individual experiments
((b) and (c)) and subsequently performing further averaging using a 20 point median averaging scheme.

than PSDwith Is=0 Amp at high frequencies (500 Hz–3 KHz),
and the difference is relatively invariant with frequency. The
measured difference suggests that 2PSDI=IDC,Shot

(f ) · R2 is
∼75 nV2/Hz, in the range from 500 Hz to 3 KHz, which
is much smaller than the power spectral density estimated
from the equation for shot noise described earlier (estimated
shot noise equals 2(2eISR2) ∼ 6400nV2/Hz). We note that
this smaller shot noise value is to be expected because the
custom-built current source (Fig. 6 inset) used in our ex-
periments employs negative feedback which is well known
to suppress shot noise.20 Further, the long range electronic
correlations in metallic conductors are also known to sup-
press shot noise.20 Using the measured power spectral den-
sity of shot noise in conjunction with Eq. (25), we obtained
the (PSD�T, Drift) at 280 K which is shown in Fig. 9(b) for the
frequency ranges 1–20 Hz. Following a similar procedure, we
also obtained (PSD�T, Drift) at 80 K, which is also shown in
Fig. 9(b). It can be seen that the low-frequency part of the
spectrum is dominated by 1/f noise, while the high-frequency
part of the spectrum shows broadband noise that is relatively
independent of frequency. In addition to this, we also ob-

tained (PSDAmp Total, RTI) using the measured data and Eq. (26).
The obtained power spectral densities are shown in Fig. 9(c)
(1 Hz–20 Hz) and 9d (1 Hz–3 KHz) for a range of frequen-
cies. These data were obtained by first averaging the measured
PSD from 200 individual experiments for Figs. 9(a) and 9(d)
and 20 individual experiments for Figs. 9(b) and 9(c) and sub-
sequently performed twenty point median averaging to obtain
smooth spectral density estimates.

Finally, to estimate the NETs in scheme 1 and 2, as
well as for estimating NETs for low frequency temperature
modulations (0.5 Hz) in scheme 3 and 4, it is necessary
to know the values of PSD�T, Drift in a range of frequen-
cies close to 0 Hz. Therefore, we obtained PSDwith IS=IDC

(f )
and PSDwith IS=0Amp(f ) in a narrow band of f = 0 to
1 Hz in frequency intervals of �f = 0.477 mHz (Fig. 10(a)).
The obtained power spectral densities of PSDAmp Total, RTI and
PSD�T, Drift are shown in Figs. 10(b) and 10(c), respectively.
The curves shown in Fig. 10(a) were obtained by averag-
ing five individual spectral density estimates and by curve-
fitting a ninth order polynomial function to the data. Further,
95% confidence intervals of the curve fits were determined
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FIG. 10. Measurement of amplifier noise and temperature drift at low fre-
quencies. We determined the PSDAmp Total, RTI (b) and PSD�T, Drift (c) in
the narrow frequency range of 0 to 1 Hz from the PSDwith IS=IDC

(f ) and
PSDwith IS=0Amp(f ) shown in (a) by averaging five individual curves and
by curve fitting the averaged data. The data shown in panels (b) and (c) were
obtained by using the data presented in panel (a). As a representative exam-
ple, the inset (a) shows the measured PSD at 0.5 Hz along with the curve fits
and the corresponding 95% confidence intervals.

to estimate the uncertainty in the measured PSD (see inset
Fig. 10(a)). The PSD of the total amplifier noise and
temperature drift were obtained by using the data presented in
Fig. 10(a) and are shown in Figs. 10(b) and 10(c). Both the
estimates shown in Figs. 10(b) and 10(c) have a small uncer-
tainty (not shown in the figure) that arises from the uncertainty
in the fits to the data presented in Fig. 10(a).

B. Estimated NET for the thermometry schemes

The measured PSDs enable an estimate of the NET for
each of the schemes described above by using the expressions

TABLE II. The estimated resolution of the four different schemes of resis-
tance thermometry. The resistance of the PRT is assumed to be 10 k� while
the bandwidth of measurement is set to 16 mHz.

Global Thermometry
temperature (K) resolution (μK)

Scheme 1 280 2463 ± 316
fs = 0 80 1573 ± 172
fT = 0

Scheme 2 fs = 20 Hz fs = 500 Hz fs = 1000 Hz
fs �= 0 280 702 ± 15 702 ± 15 702 ± 15
fT = 0 80 271 ± 14 270 ± 14 270 ± 14

Scheme 3 fT = 0.5 Hz fT = 2 Hz fT = 20 Hz
fs = 0 280 212 ± 31 78 ± 21 34 ± 17
fT �= 0 80 181 ± 11 53 ± 20 27 ± 18

Scheme 4 fT = 0.5 Hz fT = 2 Hz fT = 20 Hz
fs = 500 Hz 280 81 ± 43 48 ± 12 30 ± 8
fT �= 0 80 43 ± 27 32 ± 12 23 ± 9

provided in Sec. III. For all the estimates provided below we
arbitrarily assume a measurement bandwidth of ∼16 mHz.
Further, we assume that the sensing current used in all the
experiments is either a dc current of 10 μA or an ac current
with an amplitude of 10 μA. This choice of the magnitude of
the current corresponds well to currents used in suspended-
microscale devices that are employed for probing nanoscale
heat transfer.1 We note that the chosen magnitude represents
a tradeoff between choosing a large magnitude of current to
improve the signal to noise ratio while keeping the current
small to avoid self-heating effects in suspended devices.

Table II lists the calculated NETs for the four schemes
along with the uncertainty in the NETs estimated using the
curve fits and confidence intervals to the measured data. These
NETs were computed at two different temperatures (80 K and
280 K) by using Eqs. (10), (14), (19), and (24) and the data
presented in Figs. 9 and 10. As expected, it can be seen that
the NET for scheme 1 is relatively large, ∼1.5 mK even at
low temperatures. This large NET is associated with the large
values of PSDAmp Total, RTI and PSD�T, Drift at low frequencies.
For scheme 2, the NET is found to be ∼0.7 mK at 280 K and
∼0.3 mK at 80 K and is relatively independent of the sensing
frequency. This lack of dependence on sensing frequency—
in this case—can be understood by noting that the NET has
large contributions from PSD�T, Drift which is independent of
the sensing frequency (20 Hz, 500 Hz, 1000 Hz) as can be
seen from Eqs. (13) and (14). This NET can potentially be
improved if the sensing and matching resistors are integrated
into a substrate with a high thermal conductivity. For compar-
ison, Wingert et al.2, 8 have recently shown that for samples
made on a silicon substrate, with a thermal conductivity ∼100
times larger than that of the glass substrates used in this study,
it was possible to achieve a resolution of ∼0.6 mK in a band-
width of ∼260 mHz (as opposed to the ∼16 mHz bandwidth
used in this study). This improved resolution can potentially
be attributed to smaller PSD�T, Drift in their devices. However,
it is not always possible to use such highly thermally conduct-
ing substrates, therefore, it is important to quantify the effect
of PSD�T, Drift. Additional improvements in the NET could
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FIG. 11. Experimental demonstration of the resolution of scheme 3. In this scheme modulated temperature changes are detected using an unmodulated sensing
current. Part (a) shows the measured RMS values of the temperature oscillations of the PRT, at an ambient temperature of 280 K, when the heater line is excited
using sinusoidal heating currents (0.5, 2.0, and 20 Hz). The dashed lines in the figure represent the expected RMS temperature values based on data shown in
Fig. 7. The error bars above reflect the standard deviation in the RMS value reported by the lock-in amplifier. The solid lines show the estimated noise floor for
NET measurements performed at each of the frequencies, while the bands represent the uncertainty of the NET estimates. The inset presents the same data in a
log-log plot. Figure (b) shows data otherwise identical to those in (a) for measurements performed at 80 K.

potentially be obtained, for both scheme 1 and 2, by carefully
attenuating the temperature drift of the electronics to small
values (∼mK): this would enable a reduction in the low fre-
quency voltage noise.

For scheme 3, where the temperature changes to be mea-
sured are modulated, the NET is found to be substantially
smaller (<100 μK) for large modulation frequencies (2 Hz,
20 Hz). This improvement in NET arises primarily from a
reduction in both PSDAmp Total, RTI, and PSD�T, Drift at high fre-
quencies. Finally, for scheme 4, we estimated the resolution
for a sensing current frequency of 500 Hz and for various
temperature modulation frequencies. It can be seen that, as
expected, at low modulation frequencies the NET can be im-
proved by approximately a factor of three in comparison to
scheme 3. On the other hand, at higher frequencies (2 Hz,
20 Hz) the estimated NET of scheme 4 is comparable to that
of scheme 3.

A final question to be addressed is if the predicted NETs
can actually be achieved with a commercial lock-in amplifier
(SRS-SR830) which enables convenient, continuous monitor-
ing of temperature signals. To answer this question we exper-
imentally implemented schemes 3 and 4. We focused on these
schemes because of their superior resolution and the fact that
a variation of scheme 2 has been recently discussed in the
literature.2, 8

VI. EXPERIMENTAL VERIFICATION OF THE NET FOR
SCHEMES 3 AND 4

In order to experimentally measure the NET of the PRT
in schemes 3 and 4 we supplied sinusoidal electrical cur-
rents with relatively small amplitudes to the Au heater line,
which resulted in temperature oscillations of the PRT with
small RMS values. We note that based on the data shown in
Fig. 7 (data obtained at 280 K) and similar data obtained at

80 K it is possible to estimate the expected RMS values of
temperature oscillations for currents of small amplitudes. In
fact, the dashed lines in Figs. 11 and 12 show estimated tem-
perature raises at 280 K and 80 K, for sinusoidal excitation by
currents of small amplitudes at various frequencies. We now
describe the experiments performed by us to experimentally
establish the resolution of schemes 3 and 4.

A. Measured RMS values of temperature modulations
in scheme 3

Temperature oscillations of the PRT, resulting from sinu-
soidal heating currents of small amplitudes, were measured by
supplying a dc sensing current (IDC = 10−5 amp) and monitor-
ing the 2fH component of the voltage (V2fH

) using a commer-
cial lock-in amplifier, in a bandwidth of ∼16 mHz, following
the configuration shown in Fig. 6. The RMS values of the
resultant temperature oscillations (�T2fH

), arising from heat-
ing currents of varying amplitudes and frequencies (0.5 Hz,
2 Hz, and 20 Hz), were obtained from the measured voltage
oscillations using the relationship �T2fH

= V2fH
/(IDCRα)

and are shown in Fig. 11(a). Further, the expected values of
temperature oscillations from the data shown in Fig. 7 are
also plotted (dashed lines) along with the expected NETs and
their corresponding uncertainties (from Table II), which are
represented by solid lines and solid bands, respectively. It
can be seen that the measured temperature oscillations are
in good agreement with the expected values (dashed lines).
Further, it can also be seen that the smallest temperature that
could be measured is in good agreement with the expected
NET values. Figure 11(b) shows otherwise identical data ob-
tained at a temperature of 80 K. Again, it can be seen that
the smallest temperature that could be resolved at various
frequencies is in good agreement with estimated values of
NET. Experiments performed at other temperatures (130 K,
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FIG. 12. Experimental demonstration of the resolution of scheme 4 at low
modulation frequencies (0.5 Hz). Modulated temperature changes were mea-
sured using a modulated sensing current at 500 Hz. All measurements were
performed at 280 K. The dashed line represents the expected temperature
RMS values based on the data shown in Fig. 7. The dotted lines show curve
fits to the measured data. The error bars above reflect the standard devia-
tion in the RMS value reported by the lock-in amplifier. The solid lines and
bands show the estimated NETs and the uncertainty in the estimated NETs,
respectively.

180 K, 230 K) are also found to be in good agreement with
estimated NETs and are not presented here in the interest of
space. Finally, we note that, as expected, the NET at low fre-
quencies (0.5 Hz) is significantly larger than that at high fre-
quencies due to contributions from 1/f voltage noise. Next, we
show that the temperature resolution of low frequency mea-
surements can be improved substantially using a modulated
sensing current.

B. Measured RMS values of temperature modulations
in scheme 4

We performed an experiment (at 280 K) where temper-
ature oscillations of the PRT at fT (0.5 Hz) were measured
using an ac sensing current with an amplitude IAC = 10−5

amp and a sensing frequency fS = 500 Hz. The measurement
configuration used for accomplishing this goal is shown
in Fig. 6. As described in Sec. IV, the voltage output of
the second stage amplifier has information regarding the
temperature oscillation of the PRT at two frequencies: fS + fT
and fS − fT. In order to extract these signals, we monitored the
voltage output of the second stage amplifier using two lock-in
amplifiers, set to a bandwidth of ∼16 mHz, to independently
measure the components of the signal at fS + fT and fS − fT.
In order to provide the appropriate reference signal to the
lock-in amplifiers we used four function generators (Agilent
33521A) that were synchronized using a master clock. Two of
these function generators in conjunction with the custom built
current source (a modified version of the circuit shown in the
inset of Fig. 6) were used to generate the desired heating and
sensing sinusoidal currents at the appropriate frequencies, fT
and fS, respectively. The remaining two function generators
provided the reference signals required by the lock-in ampli-
fiers to extract the voltage signals of interest at fS − fT and fS
+ fT. The RMS values of the voltages measured by two
lock-in amplifiers (VfS+fT

, VfS−fT
) were added to obtain the

resultant voltage VR = VfS+fT
+ VfS−fT

. Finally, the RMS

value of the temperature oscillation of the PRT was obtained
from �TRMS,fT

= VR/[IACRα].
The measured amplitude of temperature oscillations

using scheme 4, at 280 K, for a range of heating currents are
shown in Fig. 12. Further, the results obtained for the same
heating currents using scheme 3 are also shown for compari-
son. It can be clearly seen—as predicted by our analysis—that
the temperature resolution of scheme 4 (∼40 μK) is much
better than the temperature resolution of scheme 3 (∼250
μK). The measured NET is also in good agreement with the
predicted values, which are shown as a band to represent the
uncertainty in the predicted NETs (Table II). Similar experi-
ments performed at 80 K also show good agreement with the
estimated NETs and not shown here in the interest of space.

VII. CONCLUSION

We have presented a broad analysis of the different sce-
narios of electrical resistance-based thermometry that are suit-
able for nanoscale heat transport studies. Our detailed analysis
delineates the contributions of both the voltage noise result-
ing from intrinsic and extrinsic sources and the voltage noise
arising from temperature drift. Further, our analysis quantifies
the noise equivalent temperature that is in principle achiev-
able using different thermometry schemes. Our experiments
and analysis demonstrate that it is beneficial to use a scheme
where the temperature can be modulated as this enables the
measurement of temperature changes with high resolution due
to its immunity to low temperature drift. Our work also points
out that if the temperature cannot be modulated, high resolu-
tion thermometry can still be accomplished by using a modu-
lated sensing current and a matching thin film resistor which
has a temperature drift that corresponds to that of the sensing
resistor. Finally, our work shows that it is readily possible to
resolve temperature changes with electrical resistance-based
thermometry well below 100 μK which we believe will en-
able a dramatic improvement in the heat-current resolution of
microdevices used for probing nanoscale phonon and photon
transport.
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APPENDIX: ESTIMATE OF THE POWER SPECTRAL
DENSITY OF TEMPERATURE DRIFT-RELATED
VOLTAGE NOISE IN SCHEMES 2 AND 4

When a sinusoidal sensing current is used the voltage
noise associated with temperature drift (�T (t) = �Tdrif t ) is
given by

Vtemperature drif t (t) = V (t) = (ISRα)sin(2πfSt) · �T (t),
(A1)
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which can be represented as the sum of the two signals:

V (t) =
(

IsRα

2i

)
ei2πfs t ·�T (t)

︸ ︷︷ ︸
y1(t)

+
(
−IsRα

2i

)
e−i2πfs t ·�T (t)

︸ ︷︷ ︸
y2(t)

.

(A2)
The power spectral density of V(t), PSDV( f ) can be re-

lated to the autocorrelation function of V(t). The autocorrela-
tion function RV V (τ ) is given by

RV V (τ ) = 〈
V ∗(t)V (t + τ )

〉

= lim
T →∞

1

T

∫ +T

−T

V ∗(t)V (t + τ )dt, (A3)

and is related to the one-sided power spectral density by

PSDV (f ) = GV (f ) =
∫ +∞

−∞
2RV V (t)e−i2πf tdt. (A4)

From Eq. (A2)

RV V (τ ) = 〈[
y∗

1 (t) + y∗
2 (t)

] × [y1(t + τ ) + y2(t + τ )]
〉
,

(A5)
this implies that

RV V (τ ) = Ry1y1 (τ ) + Ry2y2 (τ ) + Ry1y2 (τ ) + Ry2y1 (τ ),
(A6)

where Ry1y2 (τ ) and Ry2y1 (τ ) are the cross-correlation func-
tions between y1(t) and y1(t). Using Eqs. (A2)–(A4) and (A6)
it can be show that

GV (f ) = (IsRα)2

4

[
G�T (f − fs) + G�T (f + fs)

− lim
T →∞

2

T
[�T ∗(f − fs)�T (f + fs)]

+�T ∗(f + fs)�T (f − fs)

]
, (A7)

where G�T = PSD�T, Drift is the power spectral density of
temperature drift as defined in Sec. II and �T( f ) represents
the Fourier components of the temperature drift signal. When
( f − fs) → 0, PSD�T, Drift( f − fS) dominates over all other
terms suggesting that when f → fs,

PSDV (f ) = GV (f ) ∼ (IsRα)2

4
PSD�T,Drif t (f − fs),

(A8)

which can be used to obtain Eq. (13) of the article. Similarly,
Eq. (23) of the manuscript can also be obtained using Eq. (A7)
and the approximations described above.
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