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Reliable electron thermometry is essential for millikelvin quantum-transport experiments, where weak electron—phonon coupling makes the
electron temperature highly susceptible to residual heat loads. We report Al — Al,O3 — Al tunnel-junction-array Coulomb blockade thermometers
(CBTs) that enable wide-range, on-chip electron thermometry compatible with high magnetic fields. The fabricated multi-junction devices exhibit
well-defined Coulomb-blockade conductance dips, an enhanced operating voltage range, and robust performance in magnetic fields up to 10 T
after the Al electrodes are driven into the normal state. By combining measurements from distinct CBT devices optimized with different charging
energies and thermalization structures, we demonstrate reliable electron thermometry over a broad temperature range from approximately 30 mK
to 3 K. The observed saturation of the electron temperature at the lowest temperatures indicates residual electron overheating, highlighting
thermalization and parasitic-heat control as the key constraints for millikelvin thermometry. These results demonstrate that Al — Al,O3 — Al
CBT arrays constitute a practical and reliable platform for wide-range, magnetic-field-compatible on-chip electron thermometry, with broad

applications in mesoscopic physics, quantum-material research, and cryogenic metrology.
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1. Introduction

Accurate determination of the electron temperature is a prereq-
uisite for low-temperature quantum transport experiments. In
mesoscopic and superconducting devices, the measured elec-
trical characteristics are governed by the electron temperature
rather than the temperature of the cryostat!!=3l. Below a few
hundred millikelvin, the electron—phonon coupling decreases
rapidly, causing the electron subsystem to decouple from the
lattice. Consequently, even minute residual heat loads orig-
inating from radio-frequency noise, measurement-induced dis-
sipation, insufficient filtering, or imperfect thermal anchoring
can drive the electron temperature significantly above the re-
frigerator temperature. Under these conditions, a thermometer
mounted on the mixing chamber or *He pot no longer provides
an accurate measure of the local electron temperature.

Among various cryogenic thermometry techniques,
Coulomb blockade thermometry (CBT) has emerged as one
of the most reliable methods for primary electron thermom-
etry13>-81 A CBT consists of an array of metallic islands
connected by tunnel junctions. Around zero dc bias, the
differential conductance is suppressed by the single-electron
charging effects, leading to a characteristic Coulomb-blockade
conductance dip. In the weak Coulomb-blockade regime,
the conductance profile depends only on the ratio of the
charging energy to kg7, enabling the electron temperature to
be determined directly from the full conductance curve and
the full width at half minimum of the conductance dip without
calibration>%19 Furthermore, CBTs are naturally compatible
with on-chip integration because they are lithographically de-
fined metallic tunnel-junction arrays that can be placed in close
proximity to mesoscopic devices. Since their thermometric
response arises from single-electron tunnelling and Coulomb
blockade rather than superconductivity, they remain functional
in high magnetic fields once the Al electrodes are driven into
the normal state. Recent developments have extended CBTs
to radio-frequency readout, gate-defined architectures for mi-
crokelvin thermometry, and membrane-based nanocalorimetry

for high-field measurements ['1-131,
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Despite these advantages, extending CBT operation to the
millikelvin regime remains challenging, primarily because of
electron overheating. The electron—phonon cooling power col-
lapses approximately as T° 4], making the electron tempera-
ture extremely sensitive to parasitic heat leaks at ultralow tem-
peratures. Recent studies have demonstrated that achieving
electron temperatures in the few-millikelvin range requires care-
ful optimization of the thermalization architecture, including
large normal-metal cooling volumes, efficient microwave fil-
tering, and low-noise measurement circuitry [-'>15-17 These
considerations highlight that wide-range CBT thermometry
is as much a device-engineering challenge as a primary-
thermometry problem: the charging energy, tunnel resistance
and on-chip thermalization must be optimized together for the
intended temperature window.

In this work, we develop a series of Al — Al,O3 — Al tunnel-
junction-array CBTs for wide-range on-chip electron thermom-
etry. A reproducible fabrication process is established to pro-
duce highly uniform tunnel junctions with well-controlled elec-
trical characteristics. We systematically investigate the charac-
teristic thermometric response of the CBTs, demonstrate the ad-
vantages of the multi-junction-array architecture, and evaluate
device operation in magnetic fields up to 10 T. By comparing
devices with different junction areas and on-chip thermaliza-
tion structures, we further elucidate the influence of electron
overheating on thermometric accuracy and identify effective
approaches for suppressing electron-temperature saturation at
low temperatures. By combining CBT devices individually op-
timized for complementary temperature regimes, we achieve
reliable on-chip electron thermometry over a collective tem-
perature range from 30 mK to 3 K. This ensemble of devices
provides a practical and robust platform for primary electron
thermometry in low-temperature, high-magnetic-field transport
experiments on mesoscopic and quantum-material systems, as
well as for applications in cryogenic metrology.

2. Coulomb blockade thermometry principle
and analysis protocol

For a uniform CBT array containing N tunnel junctions con-
nected in series, the normalized differential conductance in the
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weak-blockade regime (uy < 1) is given by 5910
GV
% =1-ung(vN), )]
T
where Gt is the asymptotic high-bias conductance, uy =
Ec/(kBT) and VN = eV/(NkBT). Here, EC = [(N -

1)/N]e?/Cs is the effective charging energy of the system, Cs
is the total capacitance of each metallic island, V is the total
voltage across the series array, and T is the electron tempera-
ture. The universal conductance function is

xsinhx — 4 sinh?(x/2)
8 sinh*(x/2)

g(x) = 2)

which yields g(0) = 1/6 at zero bias. Consequently, the nor-
malized zero-bias conductance-dip depth is

AG/Gt = (Gt — Go)/GT ~ un/6 3)

where G denotes the zero-bias conductance. Another impor-

tant primary thermometric quantity is the full width at half min-
imum (FWHM) of the conductance dip,

V1/2 ~ 5.439

NkgT @)
e

which is independent of both the absolute tunnel resistance
and the charging energy in the strict weak-blockade limit>].
When uy is no longer much smaller than unity, higher-order
finite-charging-energy corrections become important. In this
regime, the normalized zero-bias conductance dip can be ex-
panded as[6:18]

AG /Gt ~ un/6 — un>/60 + ux>/630 5)

These analytical expressions provide convenient estimates
of the electron temperature. In practice, however, higher accu-
racy is achieved by numerically calculating the complete dif-
ferential conductance using the orthodox single-electron tun-
nelling theory %201 In this work, the full tunnelling model
is employed to determine the device parameters, including the
total island capacitance Cy and the asymptotic conductance G,
from reference measurements. These calibrated parameters are
then fixed for the analysis of all temperature-dependent conduc-
tance data. To reduce the computational complexity of multi-
junction arrays, the series array is mapped onto an equivalent
double-junction system within the orthodox tunnelling formal-
ism. Although this approach eliminates the limitations of the
analytical weak-blockade approximation, it still assumes a uni-
form array and therefore does not explicitly include the full dis-
tribution of individual junction resistances R; and capacitances
G;.

Electron overheating was incorporated using a steady-state
heat-balance model for the island electron temperature 7. In
this model, the Joule power and residual parasitic heat load are
balanced by electron—phonon cooling [7-1421:221,

V2Gr + Py = 2Q (TeS - TPS) 6)
where V2Gr is the Joule power dissipated in the tunnel-junction
array, Py represents the residual heat load, X is the electron—
phonon coupling constant, Q is the effective metallic volume,
and 7, is the phonon temperature. The resulting bias-dependent
electron temperature 7 (V) is then used self-consistently in the
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tunnelling model to generate the corresponding differential con-
ductance. In the absence of parasitic heating and under zero-
bias conditions, the minimum electron temperature approaches
the phonon temperature, Té“in =~ T,. Representative literature
values of the electron—phonon coupling constant are Xa; =
0.2 x 10° Wm ™K for Al and Ty, » 2.4 x 10° Wm—3K 3
for Aul*. The nominal metallic volume was estimated from
the measured dimensions of the thermalization pads and the
deposited film thickness, assuming that the entire pad partici-
pates in electron—phonon energy relaxation. The residual heat
load Py was estimated from the saturation of the CBT elec-
tron temperature at the lowest bath temperature. The charg-
ing energy Ec and asymptotic conductance Gt were first deter-
mined from higher-temperature conductance traces, where elec-
tron overheating was negligible, and were subsequently fixed in
the low-temperature analysis. The lowest-temperature conduc-
tance trace was then fitted using the full master-equation model
to obtain the saturated zero-bias electron temperature T gor. At
zero dc bias, the dc Joule-heating contribution vanishes, and
the heat-balance equation reduces to

73

Po = 2Q (T = T

(N
where T, iy 18 the lowest measured phonon temperature. Be-
cause this estimate relies on a single low-temperature data point,
a literature value of X, and the nominal thermally active volume
Q, Py is reported as an effective, model-dependent estimate
rather than an independently determined microscopic heat leak.

3. Results and discussion

3.1. Reproducible Al-Al;O3-Al tunnel-junction fabrication
and junction uniformity

The Al - Al,O3 — Al tunnel junctions were fabricated on
Si/SiO, substrates using electron-beam lithography (EBL)
followed by double-angle shadow evaporation. A bilayer
MMA/PMMA resist stack was employed to form the under-
cut profile required for the Dolan-bridge-type process. After
deposition of the first Al layer, an Al,O3 tunnel barrier was
formed by in situ thermal oxidation, followed by deposition of
the counter-electrode at the opposite evaporation angle. This
fabrication process provides a clean overlap geometry with ex-
cellent reproducibility 23!,

The tunnel resistance was controlled using a constant-flow
oxidation protocol. Oxygen was introduced at a fixed flow rate
of 3 sccm, and the oxidation was terminated when the chamber
pressure reached a prescribed value. As shown in Fig. 1(a), the
junction resistance-area product increases monotonically with
the final oxidation pressure and saturates at approximately 8.5
kQ - um?. This behavior provides a convenient means of tailor-
ing the tunnel resistance through the combined optimization of
the junction area and oxidation conditions.

For CBT devices operating below 100 mK, the junction
capacitance is commonly increased to reduce the charging en-
ergy and thereby maintain operation in the weak or intermediate
Coulomb-blockade regime. Increasing the junction area, how-
ever, simultaneously lowers the resistance of each tunnel junc-
tion, which may become comparable to or even smaller than the
resistance quantum Rg = //e?. In this low-impedance regime,
quantum charge fluctuations across individual junctions are sig-
nificantly enhanced, leading to a pronounced renormalization
and partial suppression of the Coulomb blockade. An effective
solution is to employ a series array of tunnel junctions!!%->4231,
The increased total impedance of the array, together with the
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Table 1. Resistance values of eight representative tunnel junctions and their deviations from the average resistance.

Junction number 1 2 3 4 5 6 7 8
R; (kQ) 3.48 3.50 3.51 3.36 3.58 3.47 3.44 3.61
R; — R(kQ) -0.014 0.006 0.016 -0.133 0.086 -0.023 -0.053 0.116

collective charging effects associated with multiple metallic is-
lands, allows a well-defined and experimentally resolvable CBT
conductance dip to persist even when the resistance of each in-
dividual junction is below Rx.
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Fig. 1. Oxidation calibration and junction uniformity of

Al — Al,O3 — Al tunnel junctions. (a) Junction resistance-area
product as a function of the final oxidation pressure at a fixed oxygen
flow rate of 3 sccm. The numbers beside the data points indicate
the oxidation time required to reach the corresponding pressure.
(b) Distribution of the measured junction areas in the 10 X 6 test
tunnel-junction array. The measured junction areas are narrowly
distributed around the nominal value of 2 ym?, demonstrating the
excellent reproducibility of the lithography and double-angle shadow-
evaporation processes. The numbers indicate the corresponding
column indices in the array.

Junction uniformity is another critical factor determining
the accuracy of Coulomb blockade thermometry (%%, Varia-
tions in junction resistance or capacitance give rise to nonuni-
form local charging energies and voltage distributions across
the array, which results in broadening of the conductance dip
and systematic errors in the extracted temperature. These
effects become increasingly significant in the intermediate
Coulomb-blockade regime, un = Ec/ksT 1, where the
conductance profile is particularly sensitive to the distributions
of the individual junction resistances R; and capacitances C;.
High junction uniformity is therefore essential for achieving ac-
curate primary thermometry and extending the operation range
of CBTs into the sub-100 mK temperature regime 2271,

To evaluate the reproducibility of the fabrication process, a
10 x 6 test array was fabricated, consisting of ten tunnel junc-
tions connected in series and six such branches connected in
parallel. We first randomly selected 18 junctions and quanti-
fied their junction areas. As shown in Fig. 1(b), the measured
junction areas are narrowly distributed around the designed
value of 2 um?, with a variation of approximately 2%, indicat-
ing excellent uniformity in both the lithographic and shadow-
evaporation processes. In addition, the resistances of eight ran-
domly selected junctions are all centered around 3.5 kQ, as
summarized in Table 1. These results further demonstrate the
high reproducibility of the electron-beam lithography, double-
angle evaporation, and in sifu oxidation processes.

~

3.2. Basic characterization and magnetic-field robustness
of the CBT sensor

We first characterized the electrical response of the fabri-
cated CBT devices. The schematic architecture of the series
tunnel-junction array is shown in Fig. 2(a), and the differential-
conductance (d//dV) measurement configuration is illustrated
in Fig. 2(b). Throughout this work, all low-temperature mea-
surements were performed under magnetic fields exceeding the
critical field of the Al electrodes, ensuring that the electrodes
remained in the normal state. As shown in Figs. 2(c) and (d), a
pronounced conductance dip centered near zero bias is clearly
observed, which is the characteristic signature of Coulomb
blockade in the tunnel-junction array.

To illustrate the advantage of the array configuration, we
compared the differential-conductance characteristics of de-
vices containing two junctions, ten junctions, and a 40 x 10
junction array, all measured at the same bath temperature of
300 mK [Fig. 2(c)]. Asthe number of series junctions increases,
the Coulomb-blockade conductance dip becomes progressively
broader in voltage and is more clearly resolved. This behav-
ior arises because the characteristic voltage scale of the con-
ductance dip increases approximately linearly with the number
of junctions connected in series. Consequently, the voltage-
dependent temperature response is effectively amplified, while
the influence of local parameter variations and statistical fluc-
tuations of individual junctions is reduced. As a result, the
multi-junction array exhibits a substantially improved signal-to-
noise ratio and provides higher thermometric resolution than
devices containing only a few junctions. These results demon-
strate that large series arrays are more suitable for accurate
Coulomb blockade thermometry. It should be noted that the
measured conductance traces exhibit a small residual voltage
offset along the nominal bias axis, such that the conductance
minimum does not always occur exactly at Vyi,s = 0. We at-
tribute this displacement primarily to a residual dc voltage off-
setin the measurement circuit, with possible contributions from
thermoelectric voltages generated along the cryogenic wiring,
the zero offset of the dc bias source, and the input-offset volt-
age of the room-temperature transimpedance amplifier. The es-
sentially rigid displacement of the conductance curves, with-
out a resolvable systematic distortion of the conductance-dip
line shape, is consistent with this interpretation. Before per-
forming the full master-equation analysis, the conductance data
within a narrow voltage window around the dip minimum were
fitted to the quadratic form G (V) = Gpin + a(V - Voﬁ)z, al-
lowing the offset voltage Vog to be determined independently
for each trace. The effective device bias was then defined as
Vet = Vbias — Voff, and all temperature-dependent fits were per-
formed as a function of Veg. This procedure aligns the exper-
imentally determined conductance minimum with the theoreti-
cal zero-bias point. Because this correction corresponds solely
to a rigid horizontal translation of the conductance curve, it
leaves both the conductance-dip depth and the full width at half
minimum unchanged.

The magnetic-field robustness of the CBT response was fur-
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ther investigated at a bath temperature of 300 mK. As shown
in Fig. 2(d), the differential-conductance curves measured un-
der magnetic fields from 2 to 10 T almost completely overlap
once the Al electrodes are driven into the normal state. Within
the experimental resolution, neither the depth nor the full width
at half minimum of the conductance dip exhibits any system-
atic dependence on magnetic field. This magnetic-field inde-
pendence behavior reflects the purely electrostatic origin of
the Coulomb-blockade effect and confirms that the thermomet-
ric characteristics of the CBT are essentially unaffected by ex-
ternal magnetic fields. The excellent field robustness demon-
strates that the fabricated Al-Al,O3-Al tunnel-junction array
provides a reliable on-chip primary electron thermometer for
mesoscopic transport experiments under high magnetic fields.
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Fig. 2. Basic characterization of the CBT devices. (a) False-color
scanning electron microscope (SEM) image of an Al — Al,O3 — Al
tunnel-junction array. (b) Schematic of the differential-conductance
measurement configuration. Each tunnel junction is characterized by
a resistance R; and capacitance Cj, while each metallic island is cou-
pled to ground through a stray capacitance Cy. (c) Differential conduc-
tance (dI/dV) as a function of bias voltage for CBT devices contain-
ing different numbers of series junctions, measured at 300 mK. The
conductance dip becomes broader and better resolved with increasing
junction number. (d) dI/dV — Vi,s curves measured at 300 mK under
magnetic fields from 2 to 10 T, demonstrating the magnetic-field ro-
bustness of the Coulomb-blockade response.

3.3. Temperature response of the multi-junction CBT ar-
ray

After verifying the basic characteristics of the CBT devices,
we fabricated device #D1 and evaluated its thermometric
performance in a *He cryostat. Device #D1 consists of a
40 x 10 Al — Al,O3 — Al tunnel-junction array with a junction
area of approximately 0.09 um? and a single-junction resis-
tance of about 75 kQ. Representative temperature-dependent
differential-conductance curves are shown in Fig. 3(a). As the
temperature is lowered, the zero-bias conductance dip becomes
progressively deeper and narrower, exhibiting the characteristic
response of a Coulomb blockade thermometer.

The experimental conductance curves were analyzed using
the full master-equation model described in Section 2, which
includes the influence of bias-induced Joule heating. The cor-
responding numerical fits are shown as solid lines in Fig. 3(a),
yielding a charging energy of Ec/kp =~ 157 mK. The measured
conductance curves are well reproduced over most of the inves-
tigated temperature range by the CBT model, whereas system-

atic deviations become apparent at 250 mK. Such deviations are
expected as the normalized charging energy un = Ec/kgT is no
longer negligibly small and the device enters the intermediate-
blockade regime, where the conductance profile becomes in-
creasingly sensitive to junction nonuniformity, residual elec-
tron overheating, finite ac excitation, and background conduc-
tance. Consequently, maintaining a relatively small un within
the target temperature range is important for achieving accurate
CBT thermometry.

Within the weak Coulomb blockade regime, the temper-
atures extracted from the CBT agree well with those mea-
sured by the reference thermometer. As shown in the inset of
Fig. 3(a), the relative deviation between the fitted CBT tem-
perature and the 3He refrigerator temperature remains below
1% at high temperatures and gradually increases upon cool-
ing, reaching approximately 8% at T = 250 mK. The agree-
ment in the weak Coulomb blockade regime confirms the accu-
racy and reliability of CBT thermometry. We further extracted
the electron temperature using three analysis approaches: full
master-equation fitting (Tcpr), the full-width-at-half-minimum
method (T, /2), and the conductance-dip method (Zy;p), as sum-
marized in Fig. 3(b). The temperatures obtained from these
methods agree closely over the entire measurement range. This
consistency indicates that, once Ec and Gt have been deter-
mined from the full conductance curve, the CBT can subse-
quently be operated in a rapid-readout mode by monitoring only
the zero-bias conductance dip, thereby enabling efficient real-
time temperature monitoring.

To extend the operating range of CBT towards lower tem-
peratures, the effective charging energy should be reduced so
that the device remains in the appropriate weak Coulomb block-
ade regime over the target temperature range. We therefore fab-
ricated device #D2 with larger tunnel junctions. The device
consists of 12 tunnel junctions connected in series, each with
an area of 0.5 ym X 1.1 um. The increased junction area en-
hances the junction capacitance, thereby reducing the charging
energy Ec and improving the suitability of the device for low-
temperature operation. Meanwhile, the larger junction geome-
try increases the metallic volume of the islands, enhancing both
the electronic heat capacity and heat diffusion, which are bene-
ficial for electron thermalization.

Device #D2 was characterized in a TL-400 dilution refrig-
erator, and the measured differential-conductance curves are
shown in Fig. 3(c). The experimental data are well reproduced
by the numerical calculations down to the onset of conductance
saturation, indicating that device #D2 exhibits an extended low-
temperature operating range compared with device #D1. How-
ever, as shown in the inset of Fig. 3(c), the conductance curves
begin to saturate below approximately 100 mK. This behav-
ior originates from progressive weakening of electron—phonon
coupling at ultralow temperatures, which prevents the electron
temperature of the metallic islands from following the lattice
temperature. Consequently, further optimization of electron
thermalization, such as increasing the metallic island volume,
improving thermal anchoring, or enhancing microwave filter-
ing, is required to extend CBT thermometry to even lower tem-
peratures.

To further suppress electron overheating, we fabricated two
50 x 10 CBT array devices, #D3 and #D4, incorporating ad-
ditional metallic thermalization structures to improve heat dis-
sipation from the tunnel-junction islands. Device #D3 was
fabricated with junction parameters similar to those of device
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Fig. 3. Temperature response of the CBT devices. (a) Differential conductance of device #D1 measured at different temperatures. Black
solid lines are full master-equation fits. The inset shows the relative difference between the extracted CBT temperature 7cpt and the RuO,-
thermometer temperature Tjie3 of the *He cryostat. (b) Comparison of temperatures obtained from full-curve fitting, the FWHM method and
the conductance-dip method, labelled Tcpr, Tv, n and Ty;p, respectively, against Thes. (c) Differential conductance of device #D2 measured at
different temperatures, showing conductance saturation below ~ 100 mK. The inset shows an enlarged view of the saturated low-temperature

curves.

#D2, while an Al metallic pad with dimensions of 50 um X
20 um X 100 nm was integrated adjacent to the junction array,
as shown in Fig. 4(a). The temperature-dependent differential-
conductance curves of device #D3 are shown in Fig. 4(b), yield-
ing a fitted charging energy of Ec/kp ~ 23.4 mK. As evi-
denced by the nearly overlapping low-temperature conductance
curves in Fig. 4(d), the extracted electron temperature of device
#D3 exhibits noticeable saturation only below approximately
42 mK, demonstrating a substantial improvement over device
#D2. These results demonstrate that increasing the metallic vol-
ume and introducing an additional heat-diffusion pathway ef-
fectively enhance electron thermalization and significantly sup-
press electron overheating at ultralow temperatures.

To further extend the operating range towards lower tem-
peratures, device #D4 was optimized by simultaneously reduc-
ing the charging energy and enhancing electron thermalization.
The area of each tunnel junction was increased to 1 um X2 yum,
thereby increasing the junction capacitance and reducing the
charging energy. Meanwhile, the previous Al thermalization
structure was replaced by Au thermalization electrodes with di-
mensions of 20 ym x 50 ym x 500 nm. Owing to its high
electronic thermal conductivity and large electronic heat capac-
ity, Au provides a more efficient thermalization pathway for the
electrons in the metallic islands. The differential-conductance
curves of the optimized device are shown in Fig. 4(c), yield-
ing a fitted charging energy of Ec/kp 15 mK. As indi-
cated by the low-temperature curves in Fig. 4(e), the onset of
electron-temperature saturation is further suppressed to below
30 mK. However, the reduced charging energy of device #D4
also weakens the Coulomb blockade effect at elevated temper-
atures. Consequently, the conductance dip becomes nearly in-
discernible above 300 mK, which limits accurate calibration in
the higher-temperature regime.

For devices #D3 and #D4, the temperatures extracted from
the CBT were further compared with those measured by the
reference thermometer in the TL-400 dilution refrigerator. As
shown in the insets of Figs. 4(b) and 4(c), the relative de-
viation remains below 2% throughout the high temperature
weak Coulomb blockade regime, where uy Ec/kgT <
1. The systematic improvement from devices #D2 to #D4
demonstrates that the ultimate low-temperature performance of
Al — Al,O3 — Al CBT sensors is determined not only by the
charging energy, but also critically by the efficiency of elec-

~
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tron thermalization. This conclusion is consistent with previ-
ous studies in the low-millikelvin regime, which have shown
that large-volume normal-metal thermalization structures and
minimized parasitic heat loads are essential for suppressing
electron overheating and achieving accurate primary thermom-
etry [7+15-17],

It should be emphasized that the observed low-temperature
saturation does not indicate a breakdown of the CBT operating
principle. Instead, it reflects the saturation of the electron tem-
perature within the metallic islands. At ultralow temperatures,
the electron-phonon coupling becomes too weak to dissipate
the residual heat deposited in the electronic system, causing
the electron temperature 7, to remain higher than the phonon
bath temperature 7;,. Under these conditions, even an extremely
small parasitic heat load can lead to pronounced electron over-
heating. Therefore, increasing the effective metallic volume,
improving thermal anchoring, reducing the measurement exci-
tation power, and suppressing radio-frequency noise are all es-
sential for extending CBT operation to lower temperatures.

To quantify the residual heating, we estimated the effec-
tive residual heat load P on a per-island basis for devices #D3
and #D4 using Eq. (7) and the lowest-temperature data. The
resulting values are approximately 1.9 fW per island for #D3
and 18 fW per island for #D4. The value obtained for #D3 is
higher than the exceptionally low heat leaks achieved in highly
optimized nuclear-demagnetization experiments, but remains
within the broad range reported for metallic CBTs!”-16:28.291,
Each 50 x 10 array comprises ten parallel branches of 50 series
junctions and therefore contains 10 x (50 — 1) = 490 internal
islands, yielding nominal total residual heat loads of approxi-
mately 0.94 pW and 8.7 pW, respectively. Because the ther-
malization pads dominate the metallic volume, € was approx-
imated by the pad volume, with the junction-electrode volume
neglected. The larger nominal Py of device #D4 does not nec-
essarily indicate stronger microscopic parasitic heating, since it
scales directly with the assumed 2€2. The directly constrained
quantity, Py/(2Q) = Tisa‘ 73 is 9.6 x 1078 K for device

p,min’
#D3 and 1.5 x 1078 K5 for device #D4, indicating weaker nor-
malized overheating in device #D4. The larger inferred Py may
therefore reflect a thermally active Au volume smaller than its
nominal value, possibly owing to finite Au/Al interfacial ther-
mal resistance associated with residual oxidation or imperfect



Article (2026)

(@)

(b)
26
a s I T. (Tesr) (-T) § Tria00 (Tear)
224 E; 8 .TLTZOch?;gﬁ mK) Z251% 4 o 10 mK (27.2 mK)
> 5| o o 32mK (39.1 mK) > S| o 15 MK (27.8 mK)
O W ® 42 mK (46.1 mK) o W © 20 mK (29.7 mK)
3 ka4 b« 72 mK (67.8 mK) S =4 o © 30 mK (36.3 mK)
2312 oy o 142 mK (139.5 mK) 24,8 60 mK (64.1 mK)
IR B2 Tl G | Ittt
g 300 mK (304.6 mK g © 200 m Am
3 0 150 300 (] Lﬁt cuTve( mK) ; 0 150 300 300 mK (300.6 mK)
22 = TTL-AlI)o (mK) ' I 23 = T-r|_.4?o (mK) . —fit curve
-8 -4 0 4 8 -4 -2 0 2 4
Vyas (MV) Vs (MV)
bias
(d) 24- ()25 '
7 2
> 23 T 24
3 |e32mK 3 |e10mK ©20 mK
T le42mK S |e15mK 30 mK
221 — . . 23 .
-0.5 0.0 0.5 -0.5 0.0 0.5
Viias (MV) Viias (MV)

Fig. 4. Thermalization-optimized CBT devices. (a) False-color image of a CBT device with local metallic heat sinks integrated near the tunnel
junctions. Gold and pink regions indicate the metallic electrodes/heat sinks and the junction area, respectively. (b, c) Differential conductance
curves of devices #D3 and #D4 measured at different temperatures. Solid lines are full master-equation numerical fits. The inset in each panel
shows the relative difference between the CBT-fitted temperature and the TL-400 dilution-refrigerator thermometer reading. (d, e) Magnified
views of the low-temperature saturation regime in panels (b) and (c), respectively.

contact. Further optimization of the Al surface preparation and
Au deposition is therefore needed to minimize this interfacial
bottleneck and fully exploit the Au thermalization pads.

These results further indicate that wide-range CBT ther-
mometry is most effectively achieved by combining multiple
CBT devices optimized for different temperature intervals. De-
vices with larger charging energies exhibit higher thermomet-
ric sensitivity at elevated temperatures. However, as the tem-
perature decreases, the increasing blockade parameter uy =
Ec/kpT makes the conductance line shape more sensitive to
junction nonuniformity, thereby degrading the accuracy of tem-
perature extraction. In contrast, devices with smaller charg-
ing energies are better suited for operation at lower tempera-
tures, but they require higher junction uniformity, more effi-
cient electron thermalization, and a lower-noise measurement
environment. Moreover, the corresponding conductance dip be-
comes progressively shallower at elevated temperatures, even-
tually limiting reliable temperature calibration. Consequently,
the practical design of CBT sensors requires a careful optimiza-
tion of the junction capacitance, array geometry, and thermal-
ization structure according to the target temperature range.

The temperature-calibration results of all fabricated de-
vices are summarized in Fig. 5. Notably, the complemen-
tary characteristics of devices #D1 and #D4 enable CBT ther-
mometry over a wide temperature range from approximately
30 mK to 3 K, spanning the operating regimes of both dilution-
refrigerators and He cryostats.
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Fig. 5. The calibrated temperature responses of all fabricated devices.
Here Ti.r denotes the reference thermometer temperature of either the
3He cryostat or the TL-400 dilution refrigerator. Devices #D1 and
#D4 together provide electron thermometry over a broad range from
approximately 30 mK to 3 K, bridging the dilution-refrigerator and
3He temperature regimes.
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4. Conclusion

We have developed and characterized Al- Al,O3; — Al
Coulomb blockade thermometers based on multi-junction
tunnel-junction arrays. By employing MMA/PMMA bilayer
electron-beam lithography, double-angle shadow evaporation,
and in situ oxidation, highly reproducible tunnel junctions with
well-controlled resistances were fabricated. The fabricated
devices exhibit pronounced Coulomb-blockade conductance
dips, whose temperature-dependent depths and widths are in
good agreement with CBT theory. The multi-junction-array ar-
chitecture effectively enhances the characteristic voltage scale
and the signal-to-noise ratio of the thermometric response,
while maintaining reliable operation in magnetic fields up to
10 T after the superconductivity of the Al electrodes is fully
suppressed. Furthermore, by increasing the tunnel-junction
area and incorporating large-volume on-chip Au thermalization
electrodes, electron overheating at millikelvin temperatures is
significantly suppressed, extending the thermometric range of
the CBT down to approximately 30 mK.

These results demonstrate a practical route toward wide-
range, magnetic-field-compatible on-chip electron thermom-
etry for mesoscopic devices, superconducting circuits, and
quantum-material devices operating in the millikelvin regime.
Further optimization of thermalization, electrical filtering, and
low-noise measurement circuitry is expected to extend the ac-
cessible temperature range to even lower temperatures, provid-
ing a robust platform for high-precision electron thermometry
in ultralow-temperature experiments and cryogenic metrology.
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