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Coulomb blockade thermometers (CBTs) are versatile and, in principle, primary thermometers
operating down to the micro-Kelvin range but bias heating spoils the thermometry and the primary
mode. Here, we introduce a method to extract the CBT electron temperature in the presence of heat
created by an arbitrary bias voltage, and without assumptions on the heat flow mechanisms. The
charging energy is extracted with high precision and without any other knowledge, thus making true
primary thermometry possible. The experiment also reveals a subtle dependence of the charging
energy on phonon temperature below 100 mK likely due to the amorphous AlOx tunnel junctions.

Introduction—Temperature is a key parameter in
quantum devices, setting the coupling strength between
subsystems and determining which degrees of freedom re-
main active as temperature is lowered while others “freeze
out”. Thermometry and controlled injection of heat into
the subsystems can be used to elucidate the intricate
thermodynamics and help create a model of the device
heat flow. Coulomb Blockade Thermometers (CBTs) are
relying on charging of an island to suppress conductance
[1–3] and have been extensively studied both theoreti-
cally [4–9] and experimentally [10–14]. They have proven
to be a reliable tool for measuring electron temperatures
down to a few milli-Kelvins and are valued for their ro-
bustness and simplicity. Additionally, CBTs have been
successfully employed in adiabatic nuclear demagnetiza-
tion experiments, achieving micro-Kelvin temperatures
through combined on- and off-chip cooling techniques
[15–19], opening new avenues for micro-Kelvin transport
measurements.

Often, CBTs are realized in a chain of N tunnel junc-
tions with islands in-between, see Fig. 1(a), and M iden-
tical chains in parallel. The chain with junctions in se-
ries provides resilience to voltage noise, and the parallel
chains provide more current for measurement. In a volt-
age bias trace, CBTs exhibit a temperature-dependent
conductance dip due to the Coulomb blockade effect
with associated energy scale Ec, the charging energy.
This suppression of conductance may provide the elec-
tron temperature Te of the islands, which are often made
from a metal.

In the universal regime, CBTs are operating at Te ≥
0.4Ts, where Ts is a scaling temperature closely related to
the charging energy Ec. In this regime, they are immune
to offset charges and electrostatic disturbances, offering
easy and robust thermometry [6, 16]. At even higher
temperatures Te ≫ Ts, CBTs are serving as primary
thermometers, allowing temperature extraction without
relying on any other information. For this, the temper-
ature is extracted from an approximation of the master
equation (ME) fitted to the measured conductance versus

bias curve. Equivalently, the linear proportionality of Te

to the full width at half minimum (FWHM) of the con-
ductance dip can be used [4, 5, 20]. Additionally, Markov
Chain Monte Carlo (MCMC) simulations can extend the
applicability of the primary-mode to lower temperatures,
though at the cost of increased complexity and compu-
tational burden [6, 16].

These methods require finite bias, causing heating ef-
fects at low temperatures, thus generally spoiling the
thermometry. Such heating effects may be taken into
account in more sophisticated models [11, 15, 18, 20, 21],
but the mechanisms of heat flow at low temperatures
are often difficult to model and are themselves tempera-
ture dependent. For example, electron-phonon coupling
with a T 5

e dependence may break down when the phonon
wavelength exceeds the metallic island thickness or may
become so weak that other heat flow channels become
important. Thus, such modeling can be challenging and
often not practical. As a result, this has led to a pref-
erence for measuring the conductance at zero-bias where
heating effects are minimal, but this mode requires cali-
bration against another thermometer, thus losing the ad-
vantage of primary thermometry [15–18].

In this Letter, we present a new approach to CBTs op-
erating as a primary thermometer in the universal regime
in presence of heating from finite bias, and without as-
sumptions about the thermalization mechanism. Based
on a simple numerical solution of the master equation, we
map the array onto a single island and extract the charg-
ing energy independently at each phonon temperature
from the crossing point of two numerical solutions. This
provides a precise calibration and thus constitutes a true
primary thermometer, allowing extraction of the electron
temperature Te at any bias voltage. This bias voltage
acts like a knob we can control to inject heat into the de-
vice and, combined with the thermometry, allows us to
explore the thermodynamics of the device. The measure-
ments also exhibit a temperature dependence of the di-
electric constant of the amorphous AlOx tunnel junctions
with surprisingly strong change at the 10% level below
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100 mK. Our new method allows the study of heat flow
and device parameters in an unprecedented way, opening
new avenues for thermal analysis and versatile, reliable
and precise thermometry at low temperatures.

Theory and Model—In the absence of self-heating ef-
fects, the normalized conductance of a CBT in the high-
temperature regime Te ≫ Ts(N) is well described by
the first-order approximation of the master equation
[4, 5, 20]:

g

gT
= 1− Ts(N)

Te
F
(

eVb

NkBTe

)
, (1)

where F(x) =
(
x sinh(x)− 4 sinh2(x/2)

)
/(8 sinh4(x/2)),

describing the suppression of conductance due to
Coulomb blockade. The high-bias conductance is gT =
M/(NRj), Rj the junction resistance, Vb the bias volt-
age, kB the Boltzmann constant, and e is the elementary
charge. The scaling temperature sets the depth of the dip
and is given by Ts(N) = 2(N−1)

N
e2

CΣkB
, with CΣ = 2Cj+Cg

representing the total capacitance per island. Here, Cj

is the capacitance of each junction and Cg is the island’s
capacitance to ground. In this study, we focus only on
junction CBTs, where Cj ≫ Cg. However, the follow-
ing method is also applicable to gate CBTs (Cg ≫ Cj),
as they behave almost identical to junction CBTs in the
universal regime [16]. We emphasize that here the junc-
tions in the chain are identical, and for a fixed Vb all
islands are at temperature Te. Further, the charging en-
ergy Ec = kBTs/2 is assumed to be independent of Vb,
and Te.

A CBT with arbitrary N behaves identically to a
single-island CBT with N = 2 by substituting the ef-
fective capacitance C ′

j =
CjN

2(N−1) and the partial voltage
drop V ′ = 2Vb/N in Eq. 1. This elegantly maps the chain
to a single island CBT – a single electron transistor (SET)
– with scaled parameters, as shown in Fig. 1(a), and (b).
At lower temperatures, however, Eq. 1 breaks down, as
it is only a first-order approximation, and the validity of
the SET analogy needs to be verified. For this, we nu-
merically solve the ME for a few-junction CBT using the
damped simple iteration method [22]. This technique re-
lies on self-consistent computation of the probability dis-
tribution over possible charge states, but becomes com-
putationally impractical as the number of configurations
grows rapidly with N . Details are in the Supplementary
Materials.

In contrast, the MCMC method can be used to inves-
tigate much longer chains [5, 6, 23]. Rather than com-
puting the entire probability distribution, MCMC simu-
lates single-electron tunneling events stochastically, con-
centrating on the most probable configurations to obtain
the conductance. We compare the two methods to the
effective SET model, where we solve the ME for N = 2
with the scaled parameters. Figure 1(c) shows the ex-
cellent agreement within ±0.2% maximum error within

...

Figure 1. Schematic of (a) a single-row CBT, and its (b) SET
analogue. The orange rectangles represent metallic islands for
thermalization to the substrate. (c) Normalized conductance
g/gT is plotted against the scaled bias voltage eVb/NEc at
T = 0.5Ts. The black curve represents the effective SET
model, while the orange dots show the full numerical solution
of ME for N = 4. The blue and green dots correspond to
MCMC simulations as labeled. For clarity, the upper panel
shows only sparse simulation points, while the lower panel
gives a full comparison. The relative difference shows excel-
lent agreement with the SET analog at the 0.2% level inde-
pendent of N. Inset: Zero-bias and largest positive/negative
deviations vs temperature. The bias voltage with the largest
negative difference does not evolve continuously with Te.

the universal regime, validating the SET model as a com-
putationally fast and accurate alternative to solving the
full chain. Therefore, we use the effective SET model
hereafter.

The temperature dependence of conductance provides
a means for electron thermometry under finite bias.
This can be understood from the horizontal line cuts
of Fig. 2(a), which reveal the temperature dependence
of the normalized conductance at a fixed bias Vb for a
CBT with N junctions. The line cut at zero bias in
Fig. 2(b) demonstrates a one-to-one correspondence be-
tween conductance and electron temperature. Thus, with
this conversion curve at hand, the experimentally mea-
sured conductance values can be directly converted to
temperatures.

At finite bias, however, this one-to-one correspondence
is breaking down. This is evident in Fig. 2(c), where the
conductance dip becomes deeper and narrower as tem-
perature decreases. At a fixed and sufficiently large bias
— e.g., the vertical olive line — the conductance first
decreases and then increases as the temperature is low-
ered. This behavior is more clearly visible in Fig. 2(b),
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as shown by the olive curve, where a single conductance
value corresponds to two different temperatures, leading
to ambiguity when converting conductance into temper-
ature. To resolve this, we first locate the minimum of the
temperature trace and identify two possible solutions —
one to the left and one to the right of the minimum.

Only one of the solutions is physical. By always choos-
ing the physical solution, we can convert each conduc-
tance value at an arbitrary bias into an electron tem-
perature. For example, the orange conductance trace in
Fig. 2(c) can be converted into a temperature trace, see
Fig. 2(d), by picking the physical (blue) solution over the
non-physical one (cyan). This provides us with an elec-
tron temperature for each bias, in this simple case the
same temperature at all bias values. In the experiment,
this can be more complicated and contain more informa-
tion e.g. due to heating effects, as discussed later.

It’s interesting to note that the two solutions intersect
at a specific bias voltage – the crossing voltage Vcross.
At this voltage, the physical and non-physical solutions
coincide. This crossing point turns out to be extremely
sensitive to the value of the charging energy used for
the conductance-temperature conversion. This is illus-
trated in Fig. 2(e), showing a zoomed-in view of the
crossing point. Even a small deviation of only ±0.1%
in charging energy results in a significantly altered tem-
perature curve, now exhibiting an anti-crossing at Vcross,
see black curves. This sensitivity makes it a very ac-
curate tool for extracting the charging energy Ec. The
crossing voltage turns out to be defined by the elec-
tron temperature and the number of junctions in the
array: ∆Vcross ≡ 2Vcross = 4.7NkBTe/e, as confirmed
in Fig. 2(f) where the numerically extracted crossing
point is shown over a range of electron temperatures.
Notably, this is slightly lower than the voltage given
by the known FWHM relation of the conductance dip,
∆V = 5.439NkBTe/e, which has been traditionally used
as a primary thermometer.

This now makes possible a novel method to analyze
experimental data for thermometry: We first extract the
charging energy with the crossing voltage technique as
detailed above. Then, each conductance point is con-
verted to an electron temperature separately for each bias
voltage, resulting in a full temperature trace as a func-
tion of bias voltage. This contains important information
e.g. electron temperatures deviating from the lattice due
to bias heating and allows to analyze the heat flow in the
system.

Experimental implementation—To demonstrate our
method, measurements are performed on three CBT sam-
ples: two with copper thermalization islands (samples
Cu1 and Cu2) with identical designs, each having 7 paral-
lel chains of 64 junctions, and one with aluminum islands
(labeled Al) having 10 chains of 100 junctions. All the
junctions in these samples are Al/AlOx/Al tunnel junc-
tions. In the copper samples, the junctions are located

Figure 2. (a) g/gT as a function of eVb/NEc and Te/Ts

with corresponding (b) horizontal, and (c) vertical cuts. (d)
Conversion of the bias trace at Te = 3Ts (orange trace in (c))
into temperatures using the g(Vb) dependence on Te. The
conversion yields an expected physical solution of T = 3Ts

(blue) and a non-physical (cyan) solution crossing at ±Vcross.
(e) Zoomed-in view of Vcross, showing anti-crossing behavior
if the conversion uses a charging energy Ec different from the
actual value. The black and magenta curves correspond to
the relative deviations of ±0.1%, and ±1% in Ec. (f) Vcross as
a function of Te. The fit yields Vcross = (2.35±0.03)NkBTe/e.

at the overlapping region of the copper (orange) and alu-
minum (light gray) layers (see Fig. 3), and beneath the
copper capping layer. This was done using the shadow
evaporation technique, in which a 30 nm aluminum layer
is first deposited at an oblique angle and oxidized in pure
oxygen. Subsequently, a second aluminum layer, ∼30 nm
thick, is deposited from a different angle to form the top
electrode, which is then capped with a 150 nm copper
layer. As a result, the islands in the copper samples
have a total thickness of 210 nm. The lateral area alter-
nates between 933 µm2 for even-numbered islands and
1′000 µm2 for odd-numbered islands. In contrast, the
aluminum CBT sample has its electrodes and islands fab-
ricated entirely from aluminum, and the islands are 2µm
thick, with a lateral area of 1′190µm2 (see supplementary
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materials).
The samples are glued into separate metallic boxes,

each of which is thermalized and bolted to the sample
stage of the dilution refrigerator. No filters were used on
the sample wires, except for CBT1, which includes a pair
of silver epoxy filters [24] located on the sample box. The
sample stage has a RuOx thermometer, which is assumed
to accurately reflect the phonon temperature Tp of the
samples. A perpendicular magnetic field of 40 mT is
applied to the samples to suppress the superconductivity
in the aluminum layers.

The devices are measured in the same cool-down from
Tp = 123mK down to the base temperature of ∼ 10mK;
see the measured data in Fig. 3(a) and the Supplemen-
tary Material for other samples. After each Tp set-point,
approximately one hour is allowed to ensure tempera-
ture stabilization and proper sample equilibration. Fit-
ting Eq. 1 to the three highest-temperature traces, where
overheating effects are minimal, allows us to extract the
high bias conductance gT, which was assumed as a com-
mon fit parameter. Using our new method, we extract
the charging energy with the crossing point method and
then convert the conductance trace into a temperature
trace at each phonon temperature, as shown in Fig. 3(b)
and S2. At high refrigerator temperature, Te remains
constant over the bias range, while at lower refrigera-
tor temperatures, self-heating effects become significant,
causing Te to rise with increasing bias, see the V-shaped
blue curves.

To investigate the cooling mechanism, we analyze the
temperature data as a function of the dissipated power
P = (Vb/N)2/Rj [25] at the lowest phonon temperature.
When plotting T 5

e the data falls on top of a line, as shown
in Fig. 4(a), thus indicating electron-phonon coupling as
the cooling mechanism, consistent with previous studies
[20, 26] for similar CBTs. We emphasize that our temper-
ature extraction method confirms this behavior without
relying on any assumptions about heat exchange mech-
anisms or specific thermal models. Moreover, it would
also work for other cooling mechanisms, which might give
exponents other than 5. Such investigations will now be
possible for CBT devices using our primary thermometry
method and the bias voltage as the heat-knob. Finally,
agreement with a clean power-law at a fixed phonon tem-
perature also confirms the independence of the charging
energy on the electron temperature, see below.

The crossing points provide a method to verify how
many junctions in the sample are functioning properly.
To illustrate, we extract the crossing voltages, Vcross, and
their corresponding temperatures, Tcross, from Fig. 3(b)
and plot them in Fig. 4(b). We observe a linear re-
lationship, agreeing with our derived relation, Vcross =
2.35NkBTe/e. Using this relation and performing linear
fits, we determine N , which closely matches the fabri-
cated number of junctions. Notably, this method can
be used to detect shorted junctions (within the error

Figure 3. (a) Normalized conductance g/gT vs. bias volt-
age Vb for Cu2, measured between 11mK < Tp < 123mK.
Inset: Optical image of a CBT row (top right) and a false-
colored SEM image (bottom right) showing the position of
an Al/AlOx/Al tunnel junction at the overlap between the
copper (Cu, orange) and aluminum (Al, light gray) layers,
as highlighted by the dashed box. (b) Color-coded Te traces
obtained by applying our method to the conductance traces
in (a). The analysis is done for data points with more than
0.5% conductance suppression. Blurred data points indicate
non-physical solutions.

bars), and remains effective even in the presence of self-
heating effects. The FWHM of the conductance dip is
also proportional to N , but becomes much narrower in
overheated devices and then does not reflect N anymore.

The analysis performed above in Fig. 3 reveals a rather
surprising dependence of the charging energy on the
phonon temperature for all three CBTs, see Fig. 4(c).
We note the relatively strong temperature dependence of
Ec ranging from 5% to ∼ 15% for the different CBTs,
which is far larger than the ∼ 1% error bar on Ec. To
explore the origin of the temperature dependence, the
extracted charging energy values are converted into the
relative change in the dielectric permittivity, ∆ϵ/ϵ, of
the AlOx layer in the tunnel junctions using the relation
Ec = N−1

N
e2

CΣ
. The resulting temperature dependence
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of the relative permittivity, shown in Fig. 4(d), is rem-
iniscent of the behavior of two-level systems (TLS) in
amorphous materials at low temperatures [27–30]. Pre-
viously, a similar TLS behavior was observed in AlOx ox-
ide layers [31], where ∆ϵ/ϵ exhibits a minimum around
100 to 150 mK, followed by a linear increase on a log-
arithmic scale, reflecting a ln(1/T ) dependence. In our
case, however, the change of the relative permittivity is
two orders of magnitude larger. This could be due to
large strain effects in our very thin oxide of only ∼ 1 nm,
which are much thinner than the ∼ 20 − 30 nm oxide
layers of Ref. [31]. Additionally, the shape of the tem-
perature dependence we observe agrees with theory of
strained amorphous materials [32]. Further investigation,
such as varying the measurement frequency [28, 29, 33],
adjusting the oxide thickness, introducing deliberate me-
chanical strain [34], or annealing techniques [35], may
provide additional insights into this observation in the
future studies.

Conclusion—Using an effective single-island model for
the CBT chain, we obtain the charging energy with high
precision from a bias sweep despite self-heating. This
calibrates the CBT and allows extraction of the electron
temperature at arbitrary bias voltages and without as-
sumptions on the heat flow mechanisms, thus establishing
a true primary thermometer. When varying the phonon
temperature, a change of the charging energy is observed
below ∼ 100 mK. This behavior is qualitatively similar to
experiments on thicker oxide layers [31], but is about two
orders of magnitude larger here, possibly related to the
very thin and highly strained amorphous tunnel junction
oxide.

With these advances, applications in precise, fast and
primary thermometry can be pursued. The charging en-
ergy can be extracted in situ, without requiring prior
knowledge, providing a precise calibration with error well
below 1%. Once calibrated, the electron temperature can
be extracted with just one measurement of CBT con-
ductance, making possible fast, time-resolved tempera-
ture measurements. Further, one may use this method
to study ultra-low temperature thermodynamics, such as
energy exchange between different reservoirs or coupling
between different degrees of freedom. In addition, ac-
curate capacitance measurements could be done by de-
positing dielectrics on the CBT islands and capping them
with a top gate. The resulting change in capacitance can
be measured via the extraction of charging energy. This
approach avoids parasitic capacitances appearing in stan-
dard CV measurements and supports studies at milli- and
micro-Kelvin temperatures.
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