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Heat conduction and energy relaxation in an InAs nanowire approaching
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We investigate heat conduction and energy relaxation in an InAs semiconductor nanowire using a hybrid
semiconductor-superconductor architecture. Local electronic temperatures are measured with an insitu grown
quantum dot thermometer, while controlled Joule heating is applied at different locations along the wire to probe
the heat flow along the nanowire at subkelvin temperatures. With a one-dimensional heat transport model, we
calculate an electron-phonon heat flow that scales as Qe-ph ∝ T 2.6, which is in close agreement with the T 3

dependence predicted for clean one-dimensional phonons coupled to the electron gas. We further estimate a
characteristic length leq = 370 nm; beyond this length scale, phonon-mediated heat transport dominates over
heat conduction in our nanowire. Our results provide a quantitative measure of energy relaxation mechanisms
in a one-dimensional semiconductor and provide a framework for studying heat flow in low-dimensional
nanostructures.
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I. INTRODUCTION

Heat conduction and energy dissipation in nanoscale sys-
tems play a central role in the performance of electronic,
thermoelectric, and quantum devices [1–5]. At the heart of
these devices, energy transport is determined by the elec-
trical and thermal conductivity, phonon-assisted processes,
and energy dissipation to the environment [6]. As the size
of the system approaches the electronic mean free path and
electron-phonon scattering length, energy transport depends
on the quantized energy modes and mesoscopic effects [7–9].
A quantitative understanding of these regimes is essential for
nanoscale thermoelectric devices, management of heat dissi-
pation in cryogenic electronics, and mitigating decoherence
in quantum circuits [2,10–12]. In particular, semiconductor
nanowires (NWs) provide a platform for exploring energy
transport at these length scales. Their one-dimensional ge-
ometry, high crystalline quality, and tunability of electronic
transport by electrostatic gates help control charge and heat
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conduction independently [5,9,12]. In lower dimensions,
phonon spectra are modified, boundary scattering becomes
dominant, and cooling power laws can deviate substantially
from the conventional T 5 dependence for ordinary metals
[13–15]. Such deviations, together with violations of the
Wiedemann-Franz law in nanoscale semiconductors and met-
als due to Coulomb effects [9,16] show a different thermal
transport regime. Recent years have seen rapid progress in the
study of heat conduction and phonon-mediated relaxation in
low-dimensional semiconductors and van der Waals materi-
als [9,15,17]. Control of mesoscopic heat flow has enabled
the realization of quantum-dot (QD) heat engines operat-
ing near thermodynamic efficiency limits [18], and advances
in cryogenic calorimetry, bolometry, and noise thermometry
[17,19,20]. Nevertheless, quantitative measurements of heat
transport and electron-phonon interactions in semiconductor
NWs remain challenging. A key experimental difficulty lies in
the ability to inject well-defined heat into a nanoscale device
while simultaneously performing local thermometry under
thermal isolation.

In this work, we investigate the heat conduction and energy
dissipation processes by using a hybrid semiconductor-
superconductor architecture in which an epitaxial InAs NW
hosts insitu grown QDs that work as a primary electronic ther-
mometer. Superconducting contacts with negligible thermal
conductance provide localized Joule heating while main-
taining electrical control. By measuring the source and
drain temperatures of the QD under steady-state heating,
we map the spatial temperature profile along the wire. The
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FIG. 1. (a) Scanning electron micrograph of the semiconductor-superconductor hybrid device showing the NW-QD with the superconduct-
ing contacts and measurement setup. The QD is located 1.3 μm away from the tip. The contacts are positioned 250 nm apart, which allows
for localized Joule heating by passing current between different pairs of contacts. (b) The measured current through the QD as a function of
bias voltage Vb1 and side-gate voltage VG, showing the standard Coulomb diamonds, and (c) current-bias voltage characteristics of the S-Sm-S
contacts. (d) A zoomed-in image of the Coulomb peak, measured with 25 fW heating power applied to the 1-2 lead, and (e) the current and
differential conductance data as a function of gate voltages at Vb1 = 0. The solid lines are fits to Eq. (1).

resulting data are analyzed using a one-dimensional heat-
transport model that incorporates both electronic diffusion and
generalized P ∝ T n electron-phonon cooling. This allows us
to calculate key material and transport parameters, including
the electron-phonon coupling strength, the dimensionality-
dependent power-law exponent, and the characteristic thermal
relaxation length.

II. EXPERIMENTAL DETAILS

Our hybrid device comprises a wurtzite InAs semiconduc-
tor NW, 70 nm in diameter, which is grown using the chemical
beam epitaxy method [21]. During the NW growth, two
∼10-nm-long InP barriers were grown to confine electrons
within a ∼100-nm-long InAs segment, forming a QD. The
QD is located approximately 1.3 μm from the tip. As shown
in Fig. 1(a), seven galvanic contacts, separated by ∼250 nm,
are made on the NW using electron beam lithography (EBL)
followed by thermal evaporation of 1 nm Ti/120 nm Al. These
superconducting contacts are used to heat specific segments
of the NW and measure electronic transport through the QD.
Because at millikelvin temperatures the heat conductance of
superconductors is very low, the electrons in the semiconduc-
tor are thermally isolated, such that the heat can only flow and
be dissipated within the NW. Notably, during NW growth, an
Au particle is used as a seed, which remains at the tip of the
wire and forms a galvanic contact with the wire. To eliminate

any unwanted heat dissipation by the Au particle, we remove
it using an additional round of EBL followed by argon ion
milling; the resulting dark spot at the tip of the NW is visible
in Fig. 1(a). The device is fabricated on a degenerately doped
Si substrate with a 200-nm-thick thermally grown SiO2. The
conducting substrate acts as a global back gate (VBG), which
helps in tuning the electrical conductivity of the entire wire
and the QD. In addition, the side-gate voltage (VG) controls
the electrochemical potential (εN) of the QD directly. For the
presented experiments, we use VBG = 4.5 V and vary VG. This
back-gate voltage was required for sufficient source-drain cur-
rent across the QD for thermometry, yet low enough to avoid
lifetime broadening and excessive parasitic heat conduction
through the QD. Measurements are performed in a dilution
refrigerator with an electronic temperature, Te ≈ 40 mK.

Similar NWs have been used previously for thermoelectric
devices and heat-transport measurements, both in the ballis-
tic and diffusive regimes [5,22,23]. Transport experiments
show that these wires have an electronic mean free path,
l f ∼ 100 nm [5,24].

III. RESULTS AND DISCUSSION

We start by measuring the electronic transport properties of
the QD in the absence of external heating. A bias voltage Vb1 is
applied to lead 1, and the resulting current IQD across the QD
is measured through lead 5, as illustrated in Fig. 1(a). All other

285409-2



HEAT CONDUCTION AND ENERGY RELAXATION IN AN … PHYSICAL REVIEW B 114, 285409 (2026)

contacts are left electrically floating to avoid spurious Joule
heating. Figure 1(b) shows the measured current as a function
of Vb1 and side-gate voltage VG, showing Coulomb diamonds,
characteristic of a QD. The gate voltage linearly tunes the
electrochemical potential of the dot, εN = αGVG, with a lever
arm αG = 49 μeV/mV. From the periodicity of the Coulomb
peaks, we determine the charging energy Ec = 4 meV. The
nearly uniform peak separation indicates that the orbital level
spacing is significantly smaller than Ec, consistent with the
size of the dot in our experiment, lQD ∼ 100 nm.

The current-voltage characteristics of the superconductor-
NW-superconductor segments used as heaters are shown in
Fig. 1(c). All segments exhibit weak proximity-induced su-
perconductivity with a critical current Ic ≈ 1.2 nA, followed
by an approximately linear resistive regime at higher bias. The
reproducible and nearly identical behavior allows the contacts
to be used as local Joule heaters with known input power.

A. Quantum-dot thermometry

To probe local electronic temperatures, we utilize the QD
as a primary thermometer. When a heating voltage VH is
applied between a selected pair of contacts, the resulting tem-
perature rise at the source and drain barriers of the QD, Ts and
Td , respectively, is calculated from the thermally broadened
Coulomb peak. The QD operated in the thermally broadened
regime has previously been used for thermometry [25,26]. In
our configuration, the bias voltage applied to the QD is set by
Vb1, while the heating power is determined by VH = Vb2 − Vb1

[Fig. 1(a)]. Figure 1(d) shows a representative charge-stability
map obtained with a constant heating power of 25 fW applied
between leads 1 and 2. The corresponding zero-bias current
and conductance are shown in Fig. 1(e). To determine the
zero-bias condition experimentally, we use the following cri-
teria: (i) the broadening of the differential conductance GQD in
gate voltage VG has the lowest value and (ii) the positive and
negative thermocurrent maxima are nearly equal in magnitude
[see Fig. 1(e)].

To estimate Ts and Td , we fit the measured IQD(VG) and
GQD(VG) using the Landauer-Büttiker formalism for a single-
level QD,

IQD = e

h

∫
τ (E )[ fs(E ) − fd (E )]dE ,

GQD = e2

h

∫
τ (E )

[
dfs

dE
− dfd

dE

]
dE , (1)

where τ (E ) = 2�γ /[{E + αGe(V 0
G − VG)}2 + γ 2] is

the energy-dependent transmission function with γ =
(γs + γd )/2, � = γsγd/(γs + γd ), fs(d ) are Fermi functions
at temperatures Ts(d ), and V 0

G denotes the gate voltage
corresponding to the center of the zero-bias Coulomb peak.

The black solid curves in Fig. 1(e) show the representative
fitted results using Eq. (1). We here calculate the following
four parameters: temperatures Ts and Td , and tunnel couplings
γs and γd by fitting: (i) current maxima and their spread,
and (ii) conductance peak height and width. The calculated
parameter values are shown in the inset. We note that the
energy of electrons at the base temperature kBTe ∼ 4 μeV is
an order of magnitude higher than the energy scale set by

FIG. 2. Measured source (Ts) and drain (Td ) temperatures as a
function of the heating power applied to the nanowire segments
between leads 1-2, 2-3, and 3-4. The source electrode is on the heated
side. Solid lines represent fits obtained using the one-dimensional
heat-flow model of Eq. (6) with � = 2 × 109 W/m3K2.6. The dashed
curves are added as guides to the eye. The green dashed line marks
the transition from the supercurrent regime to the Joule-heating
regime in the S-Sm-S heaters.

the tunnel couplings γs and γd (∼0.3 µeV). The device is
intentionally tuned to the regime γs,d � kBT , ensuring that
the Coulomb peak shape is dominated by thermal broadening
and thus sensitive to temperature.

Using this thermometry technique, we measure Ts and Td

as functions of the heating power applied to three different
NW segments. The results are summarized in Fig. 2. When the
heaters operate in the superconducting regime, no measurable
temperature rise is observed, and both Ts and Td remain at the
base temperature of approximately 38 mK. Upon switching
to the resistive regime, heating powers of ∼10 fW result in
a measurable temperature increase. We note that, for a given
input power, the measured Ts is highest when heat is injected
closest to the QD and decreases as the heating location is
moved farther away. This demonstrates the presence of lon-
gitudinal temperature gradients along the NW even under
steady-state conditions. At higher powers, a small but mea-
surable increase in Td is also observed, indicating a weak
heat leak through the QD during thermometry. This effect is
analyzed quantitatively below.

Note that we have obtained a maximum heating power of
P = 1000 fW with an applied bias voltage of VH ≈ 60 μV.
The highest energy that an injected electron can have from this
voltage source is thus 60 μeV. This maximum energy of the
hot electrons in our experiment is a factor of 3 smaller than the
superconducting gap of the aluminum leads (� ≈ 180 μeV)
even with the highest applied VH; as a result, the high-energy
electrons cannot escape into the superconducting leads.

B. One-dimensional heat-transport model

To analyze the measured temperature profiles, we use
a one-dimensional heat-flow model. For our NW with a
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FIG. 3. (a) Schematic of a one-dimensional NW with cross-
sectional area A, which consists of an elementary length dx, and the
temperature at position x is denoted by T(x). (b) The heat balance
for an elementary volume showing the injected heating power as
the sum of heat dissipation via electron-phonon interaction and heat
conduction to the neighboring elements.

diameter of ∼70 nm, the electron and phonon modes are
quantized in the transverse direction; therefore, a one-
dimensional heat-transport model can be considered a good
approximation [3,24]. We here discretize the NW into elemen-
tary lengths, dx, with T (x) being the temperature at position x
(see Fig. 3). The heat balance equation with the input heat dP
to an elementary volume, dv = A dx, can be expressed as

dP = dQe-ph + dQc. (2)

Here, dQe-ph is the heat dissipation due to the electron-
phonon interaction and dQc is the heat conduction along the
NW. The first term of Eq. (2) can be written as

dQe-ph = � dv
[
T (x)n − T n

p

]
, (3)

where � is the electron-phonon coupling constant and Tp is
the phonon temperature.

On the other hand, the net heat flow through an elementary
volume is dQc = (Q−

e − Q+
e ), where Q+

e and Q−
e are the heat

entering and leaving the volume, respectively, as illustrated
in Figs. 3(a) and 3(b). By assuming Wiedemann-Franz-like
electrical heat conduction, this is given by

Q±
e = ±Lσ

2

[
T (x ± dx)2 − T (x)2

dx

]
A. (4)

Here, the thermal conductivity is κe(x) = LσT (x), with
σ being the electrical conductivity and L = ξL0, with the
Lorenz number L0 = 2.44 × 10−8 W�/K2 and ξ is the ef-
fective Lorenz factor renormalization in our one-dimensional
diffusive heat transport model that has the value ξ = 1 for the
Wiedemann-Franz law.

Taylor expanding each term of Eq. (4) around x and ne-
glecting higher-order terms, we have

dQc = −
[{

dT (x)

dx

}2

dx2 + T (x)
d2T (x)

dx2
dx2

]
LσA

dx
. (5)

Finally, using Eqs. (2), (3), and (5), we can express the heat
balance equation:

p

Lσ
= −

[{
dT (x)

dx

}2

+ T (x)
d2T (x)

dx2

]

+ �

Lσ
[T (x)n − T n

p ]. (6)

Here, p = dP/dv is the input heat power density.

C. Nanowire thermal properties

We fit the measured Ts(P) in Fig. 2 using Eq. (6) with
�, n, and the Lorenz factor ξ as free parameters. A single
Ts(P) curve provides two features: the overall magnitude and
the exponent. The third constraint for fitting is obtained from
the spatial dependence measured using heaters at different
locations. Thus, all three datasets are fitted simultaneously
with the same three free parameter values to obtain the values
reliably and unambiguously. To fit the data, we solve the
steady-state heat diffusion equation [Eq. (6)] for a param-
eter value set {�, n, ξ} numerically. The numerical solver
estimates the temperature profile T (x) throughout the NW
(see Supplemental Material [27]). We here used the electrical
conductivity of the NW, σ = 1.85 × 104 �−1 m−1, calculated
from the linear response regime of Fig. 1(c). The value of Tp

is fixed to the bath temperature, Tp = Tbath = 38 mK, which
is determined from the saturation of Ts(P) in Fig. 2 as the
applied heat P → 0. Throughout our analysis, we assume that
the NW phonons remain thermalized to the substrate phonon
bath, as in Refs. [17,28,29], where the underlying substrate
and the metal leads anchor the NW phonons to the bath.

The black curves in Fig. 2 show the fitted results with n =
2.6 ± 0.2, � = (2 ± 0.2) × 109 W/m3K2.6 and ξ = 0.4 ±
0.1. A 60% reduction in the Lorentz factor shows a factor of
2 deviation from the Wiedemann-Franz law. The proximity
effect, which induces partial superconductivity from the leads
to the NW, is a likely reason for this suppressed heat con-
ductance [30]. Comparing to other studies, Battisti et al. [7]
recently investigated heat transport in two-dimensional InAs-
on-insulator and reported electron-phonon coupling exponent
n = 6 (compared to n = 2.6 in our case) and a coupling
constant of � ≈ 4 × 107 W/m3 K6. At T = 100 mK, these
values yield an estimated electron-phonon heat conductance
per unit volume of n�T n−1 ≈ 2.4×103 W/K m3, which is ap-
proximately 5 orders of magnitude smaller than that obtained
in our work (1.3 × 108 W/K m3). Such differences in the
reported parameter values may arise because of the different
dimensionality, doping, confinement potentials, and scattering
mechanisms between the two systems [31–33]. In particular,
the charge accumulation at the surface of the InAs nanowire
may influence the thermal transport properties as described in
Ref. [15]. In another study, Ibabe et al. [34] investigated small
segments of InAs NW sandwiched between superconducting
leads and reported n = 5–6 with � ≈ 4.3 × 109 W/m3 K6,
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which results in 3 orders of magnitude smaller electron-
phonon heat conductance than in our work. One likely reason
for their lower heat flow is a stronger suppression of electron-
phonon coupling due to the proximity effect [35,36].

The value of n provides insight into the underlying
electron–phonon coupling mechanism. In a clean low-
dimensional conductor, the heat flow follows Qe-ph ∝ T d+2,
where d is the effective dimensionality [31]. For a one-
dimensional nanowire (d = 1), the clean-limit prediction
is Qe-ph ∝ T 3, close to our experimentally obtained ex-
ponent (n = 2.6). By contrast, in the disorder-dominated
regime, qlph � 1, theory predicts n ≈ 4 [32,37,38], where
q ∼ kBT/h̄cs is the phonon wave vector and lph is the phonon
mean free path. Using cs ≈ 4200 m/s [7] and lph ≈ 250 nm
[39,40] for InAs NW, we estimate qlph ≈ 1.5 at T = 100 mK.
This places our device outside the disorder-dominated regime
and supports a clean one-dimensional phonon subsystem that
interacts with the NW electrons, consistent with the criterion
qlph � 1 [32,37,38]. Furthermore, the slight reduction of the
exponent below the ideal T 3 dependence may originate from
the surface or interface scattering, which is known to renor-
malize the temperature scaling toward lower values [32,33].

Next, to realize the relative impact of electronic heat con-
duction and electron-phonon energy relaxation, we estimate
the corresponding thermal conductance, Gt

c and Gt
e-ph. Us-

ing the Wiedemann-Franz relation, we calculate the thermal
conductivity, κe = ξL0σT = 1.8 × 10−5 W m−1 K−1 at T =
100 mK, and for a representative segment of length l =
250 nm, the electronic thermal conductance Gt

c = κeA/l =
2.8 × 10−13 W K−1. In comparison, the thermal conductance
due to electron-phonon coupling in the same segment is
Gt

e-ph = n�V T n−1 = 1.3 × 10−13 W K−1 at 100 mK. The
estimated Gt

c is more than a factor of 2 higher than Gt
e-ph at

this length scale, which implies that heat is removed more
efficiently along the electronic channel than it is transferred
to the phonon bath.

The above estimates also allow us to calculate the charac-
teristic length scale at which electronic heat conduction and
electron-phonon energy relaxation contribute equally to ther-
mal transport. As the electronic thermal conductance scales as
Gc ∝ l−1, whereas the electron-phonon thermal conductance
scales as Ge-ph ∝ l , equating the two yields


eq =
√

ξσL0

n� T n−2
, (7)

which for our NW is found to be 
eq ≈ 370 nm at 100 mK.
This sets the length scale over which both the thermal
conductances compete. For segments shorter than 
eq, elec-
tronic conduction dominates, whereas for longer segments
electron-phonon relaxation determines the thermal response.
The length of our NW is larger than 
eq, which explains the
spatial temperature variations observed experimentally.

D. Quantum-dot thermometer

We next turn to considering the QD thermometer and esti-
mating the heat leak, PL, through the dot during temperature
measurements. We here use Eq. (6) to determine the value of

FIG. 4. (a) The amount of heat flowing through the QD as a
function of the input heat to the NW, calculated from the measured
drain temperature Td . (b) Calculated temperature profile along the
full length of the NW for an applied heating power of PH=50 fW.
The red bar indicates the heating power density p injected into the
NW with leads 3 and 4.

PL required to reproduce the measured drain-side temperature
Td shown in Fig. 2. We use the same parameter values �,
n, and ξ that were determined for the source side. Figure 4
presents the calculated PL as a function of the input heat. The
black line in Fig. 4(a) shows the PL = αP variation with α =
0.009. This confirms that the QD thermometer contributes less
than 1% parasitic heat flow, demonstrating it as a minimally
invasive probe for local electronic temperature measurement.

Using the measured source and drain temperatures across
the 100-nm-long QD and the estimated heat leak PL, we cal-
culate the thermal conductance of the dot. For Ts = 200 mK,
Td = 50 mK, and PL = 1 fW, we obtain Gt

QD = PL/(Ts −
Td ) ≈ 7 × 10−15 W K−1. The corresponding thermal con-
ductivity is κQD = GQDlQD/A ≈ 2 × 10−7 W m−1 K−1. Under
the same conditions, the electrical conductance is σQD ≈
0.5 μS, calculated from the Coulomb peak, yielding an
effective Lorenz number for the QD, L = 2GQD/σQD(Ts +
Td ) ≈ 1.1 × 10−7 W � K−2, about a factor of 4 higher than
the Wiedemann-Franz value. We note that at the consid-
ered average temperature of T ≈ 125 mK, the quantum of
thermal conductance for a single ballistic channel is Gq =
π2k2

BT/3h = 1.2 × 10−13 W K−1. Thus, our measured GQD

is approximately 6% of this ballistic limit. This significant
reduction is consistent with tunnel-limited transport in the
Coulomb blockade regime. The suppression of electrical con-
ductance and the observed enhancement of the Lorenz number
suggest that the QD acts as an energy filter, selectively allow-
ing high-energy carriers to contribute to heat transport [41].
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E. Nanowire temperature profile

Combining all extracted parameters, we compute the full
steady-state temperature profile along the NW for a repre-
sentative heating power of 50 fW applied between contacts
3 and 4 [Fig. 4(b)]. The result shows the role of electronic
heat transport and the heat relaxation length leq in determining
temperature gradients along the NW.

We note that tuning the electrical conductivity of the NW
by gate voltages may influence its thermal properties. How-
ever, a detailed study of this dependence is beyond the scope
of the present work, as higher VBG causes lifetime broadening
of our QD thermometer, reducing its temperature sensitivity
and increasing parasitic heat leakage.

IV. CONCLUSIONS

In conclusion, our measurements show a quantitative
description of heat flow in an InAs nanowire in the clean one-
dimensional limit for the phonon. The calculated electron-
phonon exponent n = 2.6 ± 0.2 indicates energy relaxation
with clean one-dimensional coupling. The comparison of
electronic heat conduction and phonon cooling shows a char-
acteristic equilibration length 
eq ≈ 370 nm at 100 mK, which
sets the length scale above which phonon-mediated thermal
transport dominates over heat conduction. Measurement of
the temperatures on both sides of the QD further allowed us
to determine that less than 1% of the heat flows through the
QD thermometer and that the thermometer exhibits a ther-
mal conductance of only ∼6% of the thermal conductance

quantum Gq. This high degree of thermal isolation ensures
minimally invasive local thermometry by quantum dots. These
results offer quantitative design rules for thermal manage-
ment in nanowire-based quantum devices and demonstrate
that InAs NW-QD can serve as sensitive, low-loss thermal
links for hybrid quantum devices.

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with Claes The-
lander, Peter Samuelsson, Martin Leijnse, and Simon Wozny
and financial support from the Knut and Alice Wallenberg
Foundation through the Wallenberg Center for Quantum Tech-
nology (WACQT), the European Union (ERC, QPHOTON,
101087343), NanoLund, and the Swedish Research Council
(Dnr 2019-04111 and Dnr 2023-04142).

Views and opinions expressed are those of the author(s)
only and do not necessarily reflect those of the European
Union or the European Research Council Executive Agency.
Neither the European Union nor the granting authority can be
held responsible for them.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] N. Mosso, U. Drechsler, F. Menges, P. Nirmalraj, S. Karg, H.
Riel, and B. Gotsmann, Heat transport through atomic contacts,
Nat. Nanotechnol. 12, 430 (2017).

[2] J. P. Pekola, Towards quantum thermodynamics in electronic
circuits, Nat. Phys. 11, 118 (2015).

[3] I.-J. Chen, A. Burke, A. Svilans, H. Linke, and C. Thelander,
Thermoelectric power factor limit of a 1D nanowire, Phys. Rev.
Lett. 120, 177703 (2018).

[4] X.-L. Shi, J. Zou, and Z.-G. Chen, Advanced thermoelectric
design: From materials and structures to devices, Chem. Rev.
120, 7399 (2020).

[5] M. Kumar, A. Nowzari, A. R. Persson, S. Jeppesen, A. Wacker,
G. Bastard, R. L. Wallenberg, F. Capasso, V. F. Maisi, and
L. Samuelson, Hot carrier nanowire transistors at the ballistic
limit, Nano Lett. 24, 7948 (2024).

[6] F. Giazotto, T. T. Heikkilä, A. Luukanen, A. M. Savin, and
J. P. Pekola, Opportunities for mesoscopics in thermometry and
refrigeration: Physics and applications, Rev. Mod. Phys. 78, 217
(2006).

[7] S. Battisti, G. De Simoni, A. Braggio, A. Paghi, L. Sorba,
and F. Giazotto, Extremely weak sub-kelvin electron–phonon
coupling in InAs on insulator, Appl. Phys. Lett. 125, 202601
(2024).

[8] G. Chen, Non-Fourier phonon heat conduction at the microscale
and nanoscale, Nat. Rev. Phys. 3, 555 (2021).

[9] D. Majidi, M. Josefsson, M. Kumar, M. Leijnse, L.
Samuelson, H. Courtois, C. B. Winkelmann, and V. F. Maisi,

Quantum confinement suppressing electronic heat flow below
the Wiedemann–Franz law, Nano Lett. 22, 630 (2022).

[10] D. L. Mickelsen, H. M. Carruzzo, S. N. Coppersmith, and
C. C. Yu, Effects of temperature fluctuations on charge noise
in quantum dot qubits, Phys. Rev. B 108, 075303 (2023).

[11] B. Undseth, O. Pietx-Casas, E. Raymenants, M. Mehmandoost,
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