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ABSTRACT

We are proposing, as an ideal candidate for caloritronic devices operating at subkelvin temperatures, a hybrid superconductor–
semiconductor platform named InAs on insulator (InAsOI). This heterostructure is made by doped InAs grown on an insulating buffer of
InAlAs on a GaAs substrate. Caloritronic devices aim to heat or cool electrons out of equilibrium with respect to the phonon degree of
freedom. However, their performance is usually limited by the strength of the electron–phonon (e–ph) coupling and the associated power
loss. Our work discusses the advantages of the InAsOI platform, which are based on the significantly low e–ph coupling measured compared
to all-metallic state-of-the-art caloritronic devices. Our structure demonstrates values of the e–ph coupling constant up to two orders of mag-
nitude smaller than typical values in metallic structures.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0225361

In the past decade, significant attention has been paid to studying
heat management in superconducting microstructures, also known as
coherent caloritronics.1 The objective is to propose the equivalent of
coherent electronics in superconductive circuits.2–4 Different types of
caloritronic devices have been proposed as fundamental components
for potential fully coherent, heat-driven superconductive circuits and
memory elements,5–8 thermal rectifiers,9,10 transistors,11 thermal logic
gates,12,13 and thermal switches.14 These devices operate at very low
temperatures below one Kelvin, where the interaction between elec-
trons and phonons weakens. This means that the temperature of the
electrons can be very different from that of the phonons (i.e., the lat-
tice). This characteristic is essential for caloritronic devices. The ability
to significantly alter the electronic temperature compared to the pho-
non temperature enables all caloritronic devices to have a wider opera-
tional range and overall better performance.

Past research has explored hot electron effects and electron–
phonon (e–ph) interaction in semiconductors.15–17 It is known that
semiconductors have a weaker e–ph interaction compared to metals.
However, a significant drawback for coherent caloritronics and
Josephson physics applications is the non-Ohmic barrier they typically
create with superconductive metals. In this study, we focus on investi-
gating a recently proposed superconductor–semiconductor hybrid
platform based on an InAs heterostructure grown on an insulating

buffer of InAlAs, known as InAs on Insulator (InAsOI),18,19 which, as
we will show, has an extremely weak e–ph interaction. This can be
demonstrated by the minimal power needed to significantly raise the
electronic temperature out of equilibrium compared to the tempera-
ture of the phonon bath. Additionally, our platform forms a clean,
Ohmic contact with metals, resulting in a robust proximity effect.19

This enables the incorporation of superconductive Josephson physics
within the caloritronic framework with relative ease.

To measure the electron–phonon interaction, we use a
superconductor-normal metal-superconductor (S-N-S) Josephson
junction (JJ) as an electronic thermometer to monitor the equilibrium
electron temperature. Simultaneously, we apply a constant heating
power to the structure. By repeating this measurement at different
temperatures of the phonon bath, we can determine the electron–
phonon interaction using a power law fit of Tn as described in
Wellstood and co-workers.20

The devices were fabricated starting from the InAsOI substrate
shown in Fig. 1(c). A 100-nm-thick nþþ Si-doped InAs epitaxial layer
with three-dimensional charge carrier concentration (extracted via
room-temperature Hall measurements) of n3D ¼ ð2:536 0:02Þ � 1018

cm�3 is grown on top of an InAlAs metamorphic buffer layer, having a
graded In concentration to reduce the strain between the GaAs sub-
strate and the InAs layer.21,22
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The samples were first cleaned and then prepared by the defini-
tion of electron beam lithography (EBL) Ti/Au (10/40 nm) markers
for subsequent re-aligned lithographies. Then, InAs mesas were
defined through negative EBL and chemical etching with a standard
III–V etching solution H2O/C6H8O7/H2O2/H3PO4: 21=5=0:5=0:25 vol
(C6H8O7 1M, H2O2 30% in mass and H3PO4 85% in mass, etching
rate � 100 nm/s). After the definition of the mesas, the InAs has to
pass through the surface passivation and Al evaporation process. This
process is done by leaving the sample in sulfur supersaturated
(NH4)2Sx solution [0.29 M of (NH4)2S and 0.3 M of S in DIW] at
45 �C for 60 s, which removes the native oxide on the InAs surface and
replaces the oxygen atoms with sulfur ones until the sample is inserted
in the electron-beam evaporator, where the S atoms are desorbed from
the surface in the ultra-high vacuum (UHV). Consequently, the evapo-
ration of 120 nm of Al all over the sample creates a clean contact with
the InAs, resulting in a robust superconducting proximity effect. Then,
the Al contacts on the InAs mesa are defined by negative EBL and
selective chemical etching of the Al (with Transene Al etchant type D).
The result of the fabrication process is shown in Fig. 1(a), where the
Joule heaters (in red) and the JJ leads (in blue) are visible.

The InAs mesa (in yellow) is �20 lm long and �6 lm wide. The
distance between the Joule heaters (in red) is �17lm, and the separa-
tion between the leads of the JJ is�550 nm (in blue). The gray contacts
were used to attempt another type of thermometry technique based on
the zero bias anomaly at the contact between a superconductor and a
disordered semiconductor.23,24 However, this thermometer was overly
sensitive to even minor magnetic field fluctuations, making this
approach unstable and impractical. As a result, these contacts are not
used in the results presented in this work.

The devices were wired as shown in Fig. 1(a) and cooled down in
a cryogen-free dilution refrigerator to reach the superconducting tem-
perature for Al. Figure 1(b) shows the resistance of the JJ (R) as a func-
tion of the bath temperature (Tbath). It can be seen that the critical
temperature of the JJ is Tc ’ 1:2 K, which is approximately equal to
the Al one TAl

c ¼ 1:196 K.19,25 This originates from a very good proxi-
mitization stemming from the InAs Fermi level pinning above the

conduction band when interfaced with a metal26,27 and from the high
doping of InAs, which makes it a degenerate semiconductor.

Figure 2(a) shows the measured critical current Ic as a function of
Tbath for the two samples considered in this study. These measure-
ments are taken with the heaters off (so we assume that Tbath ¼ Te),
and while Tbath is changed, the critical current of the JJ is measured.
These represent the cornerstone characteristics of this work since they
provide the calibration curves of the thermometers used to probe the
InAs electronic temperature Te locally. To gain some insight into the
effective length of the junctions, the curves in Fig. 2(a) were fitted using
the model for the critical current of a long diffusive JJ in the high-
temperature regime, so considering only the experimental data that
satisfy the condition kBT� 5ETh,

28

IcðTÞ ¼ 64pkBT
eRN

X1
n¼0

ffiffiffiffiffiffiffiffi
2xn

ETh

r
D2ðTÞ exp �

ffiffiffiffiffiffiffiffi
2xn

ETh

r" #

xn þ Xn þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðX2

n þ xnXnÞ
q� �2 ; (1)

where ETh is the junction Thouless energy left as the only fitting
parameter, kB the Boltzmann constant, RN the normal-state resistance
of the JJ, DðTÞ ¼ 1:764kBTctanh½1:74

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTc=TÞ � 1
p � the temperature-

dependent superconducting energy gap, and xn ¼ ð2nþ 1ÞpkBT and

Xn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

n þ D2ðTÞ
q

are the Matsubara frequencies. The result of the

fit is Eth1 ¼ 4:7� 10�24 J and Eth2 ¼ 3:5� 10�24 J for device 1 and 2,
respectively. On the other hand, ETh ¼ �hD=L2,29 where L is the length
of the JJ, D ¼ levF=3 is the three-dimensional diffusion coefficient, le is
the electron mean free path, and vF is the Fermi velocity. So one can

FIG. 1. (a) Scanning electron micrograph of a representative sample from this study
showing the wiring used for measurements. The red contacts represent the Joule
heaters, the blue ones are the leads of the Josephson junction separated by
approximately 550 nm, and the yellow area indicates the InAs mesa. (b) Resistance
as a function of the temperature of the Josephson junction in device 1. (c) Diagram
of the InAsOI heterostructure used, with the thickness of each layer shown on the
right.

FIG. 2. (a) Critical current (Ic) of the Josephson junction as a function of bath tem-
perature Tbath for both devices. The red lines best fit Eq. (1) for both devices. The
green-shaded area highlights the region used for the thermometer calibration. The
inset shows a scheme of the predominant heat currents flowing through the InAsOI
system: _Q inj is the injected power from the Joule heaters, whereas _Qe�ph repre-
sents the power dissipated to the substrate lattice phonons residing at the tempera-
ture of the cryostat. (b) Ic as a function of the out-of-plane magnetic field
(Fraunhofer-like pattern) of device 1 taken at Tbath ¼ 30 mK. The red dot in the
panel indicates the critical current value used for the temperature calibration curves
of the thermometer in panel (a). (c) Temperature responsivity a ¼ j@IC=@Tbathj
[absolute value of the first derivative of the curves in (a)] of the Josephson ther-
mometers, as a function of Tbath for both devices.
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find the effective lengths of the JJs via the fitted Eth1;2 , obtaining
L1 ’ 1:43 lm and L2 ’ 1:71lm for devices 1 and 2, respectively. The
discrepancy with the nominal length of the JJs, which is � 550 nm,
has to be ascribed to the diffusive behavior of the InAsOI platform.
Indeed, the length extracted by the fits might be taken as an effective
length over which the correlated electrons forming Cooper pairs can
travel from one lead to another. Moreover, it must be noted that the
critical current values and fitting curves quality for devices 2 and 1 are
quite different. This can be ascribed to the non-perfect equality of the
JJs due to the small differences that may arise during fabrication. In
particular, the passivation step and the contact definition by EBL may
not produce identical outcomes, causing the devices to have slightly
different properties.

The optimal operating region for the thermometer is the green-
shaded area in Fig. 2(a), ranging from 100 to 500 mK. This region is
optimal due to the quasi-linear slope of the curve, allowing for a reli-
able numerical conversion between Ic and Te. In other regions, the
curve flattens, which makes it less suitable to define the conversion
from Ic to Te.

Figure 2(b) shows the Fraunhofer-like interference pattern of one
of the JJs, which is constructed by measuring Ic of the JJ vs the out-of-
plane magnetic field (B). This pattern demonstrates the coherence of
the Josephson effect30,31 and the capability to adjust the critical super-
current of the JJ using an external magnetic field. The red spot in
Fig. 2(b) indicates the optimal magnetic field working point, around
B � 0 T, for the calibration curves shown in Fig. 2(a). This specific
magnetic field value was selected to achieve a higher Ic, resulting in a
more significant response from the Josephson thermometer.

Figure 2(c) shows the computed thermometer responsivity
a ¼ j@IC=@Tbathj as a function of Tbath. This parameter represents the
slope of the curves in Fig. 2(a), measuring how sensitive the thermom-
eter is to temperature variations. We can evaluate the noise equivalent
temperature (NET) (i.e., temperature sensitivity) of our thermometers
as NET ¼ ffiffiffiffi

SI
p

=a,32 where the noise spectral density of the detected
switching current IC can be evaluated as SI ¼ ðdICÞ2=Bw with dIC
’ 30 nA the experimental uncertainty on the switching current and
Bw ’ 300 Hz is the bandwidth of our setup. Using this estimation,
one finds NET ’ 100–200lK/

ffiffiffiffiffiffi
Hz

p
throughout the temperature

range studied. This NET is comparable with state-of-the-art devi-
ces,2,32 making this platform appealing as a building block for calori-
metric measurements and single photon detection.33–36

The inset displayed in Fig. 2(a) shows the scheme of the predomi-
nant incoming and outgoing heat currents for the InAs mesa. The
input power _Qinj is delivered by the Joule heaters, and the outgoing
heat current _Qe�ph represents the power relaxing into the InAlAs insu-
lating buffer layer due to electron–phonon interaction. We assume
that the power leakage through the contacts (i.e., the Joule heaters, the
JJ, and the other two unused contacts) on the InAs mesa is negligible
because all those contacts are superconductors that behave, at low
energy, as almost ideal Andreev mirrors. This is valid since the electron
temperatures explored throughout all the measurements are in the
limit kBTe � DAl , where kB is the Boltzmann constant and DAl

’ 180 l eV.37 In our analysis, we also assume that there is negligible
electronic heat loss through the electrically insulating InAlAs buffer
(with substrate resistance> 10 T X) and that the InAs lattice phonons
are thermalized at the cryostat bath temperature Tbath as well as all the
rest of the heterostructure due to vanishing Kapitza resistance. Under

these assumptions, we can write down the power balance equation for
the InAs mesa in the stationary regime,

_Qinj � _Qe�ph ¼ 0; (2)

where Qinj ¼ IHVH , and IH and VH are the current and voltage drop
across the Joule heaters in the InAs mesa. The dissipated power due to
the e–ph interaction can be written as17,20,38,39

_Qe�ph ¼ RVðTn
e � Tn

bathÞ; (3)

where V represents the geometric volume of the InAs mesa, assumed
to be uniformly thermalized, R is the electron–phonon coupling con-
stant that we aim to derive, and n is the exponent of this power law.
Typically, n ¼ 5 for thin metallic films.20 However, both experimental
evidence38 and theoretical predictions2,40 indicate that this value can
vary depending on the specific material and different regimes, such as
ballistic or diffusive. The electron–phonon heat losses of highly doped
InAs have been studied since the 1970s.15 Initially, it was predicted
that the couplings would be very low. Early estimations predicted that
at extremely low temperatures (sub-Kelvin), the temperature depen-
dencies would be very low and quasi-linear, approximately n � 1.
However, a later study16 found different values for n, specifically n ¼ 5
and n ¼ 7 for highly doped GaAs, related to piezoelectric coupling
and deformation potential, respectively. The disorder can lead to
changes in power laws in metals, with values of n falling between 4 and
6.40 Due to these reasons, we opted to keep n as a free-fitting parameter
for the variability. By using Eqs. (2) and (3), we can express

Te ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_Qinj

RV
þ Tn

bath

n

s
; (4)

where R and n are fitting parameters of the dependence over _Qinj and
Tbath.

By keeping the bath temperature Tbath constant and adjusting the
injected heat flux _Qinj, we can measure the electronic temperature Te

in the InAs mesa to extract the energy relaxation curve inside the
InAs. Figures 3(a)–3(d) and 3(g)–3(j) display selected curves for differ-
ent bath temperatures for the two samples studied. These curves were
then fitted with Eq. (4), and the results for the fitting parameters R and
n are resumed in Figs. 3(e) and 3(f) and 3(k) and 3(l). The agreement
between the theory and the experiment is evident through the reduced
chi-square v2red, with the worst value being approximately
v2red ’ 1:1 	 10�4.

In Figs. 3(e) and 3(k), the electron–phonon coupling constant R,
similarly to the exponent n, is shown to be almost constant in the green
shaded region, ranging from 100 to 220 mK. The values are R
¼ ð4:26 0:4Þ � 107 W/(m3Kn) and R ¼ ð3:060:3Þ � 107 W/(m3Kn)
for devices 1 and 2, respectively. These values are notably low compared
to those of other common metals2 such as copper [Cu, RCu ’ 2� 109

W/(m3K5)],41 aluminum [Al, RAl ’ 0:2� 109 W/(m3K5)],41 alumi-
num manganese [AlMn, RAlMn ’ 4:5� 109 W/(m3K6)],42–44 doped
Silicon on Insulator [SOI, RSOI ’ 0:1� 109 W/(m3K5)],45 and InAs
nano-wires [RInAsNW ’ 4:7� 109 W/(m3K5)].46

When looking at Figs. 3(f) and 3(l), we can see that the value of
the exponent n in the green shaded region from 100 to 220 mK
remains almost constant (n ¼ 5:8460:14 for device 1 and
n ¼ 5:7260:12 for device 2). Once again, having a value of n greater
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than 5 means that phonon losses are even smaller at low temperatures,
indicating that the InAsOI platform is well suited for coherent
caloritronics.

These properties mentioned above of InAsOI make it an excellent
choice for caloritronic applications due to the minimal interaction
between electrons and lattice phonons. The low electron–phonon cou-
pling ensures that electronic temperature can be significantly altered
with minimal power input, resulting in a more stable and controllable
caloritronic technology with reduced phonon losses. The low values
for the parameter R compared to metals may be due to the lower elec-
tron carrier density. However, it is important to note that the main
physical mechanism responsible for these properties has not been
definitively identified. This is largely due to the limited knowledge of
other physical parameters required to calculate the electron–phonon
coupling for this specific layered material.

It is important to note that the electron–phonon coupling con-
stants R of different materials have different physical dimensions due
to the different power law exponent n. In Fig. 4, we compare electronic
temperature as a function of injected power for different materials.
The curve for our InAsOI device 1 at a bath temperature of 100 mK is
shown. For other materials, we calculated theoretical curves using Eq.
(4), with the same volume for the InAs mesa and Tbath ¼ 100 mK.
This approach eliminates variations in physical dimensions for R and
n. It allows us to observe that the rise in Te in our InAsOI is signifi-
cantly larger compared to other common materials when the same
power is applied to the structure. Although the change in the electron
temperature may seem small in the absolute value, due to power-law
scaling, it corresponds to differences in R of orders of magnitude. For
example, comparing the lines for Al (cyan) with Cu (light brown),
there is a difference of more than an order of magnitude in R. The
expected electronic temperature variation for InAsOI is much higher

than that of all other metallic materials. This supports our conclusion
that there is a very weak electron–phonon coupling, maintaining a
good quality of the Josephson junction.19

In the study of III–V materials at low temperatures (i.e.,
T < 1 K), it was initially expected that the power exponent n would be

FIG. 3. (a)–(d) Experimental data and the fit using Eq. (4) are shown at selected bath temperatures (indicated in each panel) for the electronic temperature Te as a function of
the injected power _Q inj for device 1. (e) and (f) The value of R and n extracted from the fitting procedure as a function of Tbath for device 1. (g)–(j) Experimental data and the fit
using Eq. (4) are shown at selected bath temperatures (indicated in each panel) for the electronic temperature Te as a function of the injected power _Q inj for device 2. (k) and
(l) The value of R and n extracted from the fitting procedure as a function of Tbath for device 2.

FIG. 4. Comparison of the electronic temperature as a function of the injected
power for different materials (as indicated in the legend) at a bath temperature of
Tbath ¼ 100 mK. The curve for InAsOI represents the fitted data obtained for device
1. In contrast, the curves for the other materials were calculated using literature val-
ues for R and n (SOI,45 Al,41 AlMn,43 Cu,41 and InAsNW46) applying Eq. (4) with
the same volume as our InAs mesa.
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5 due to piezoelectric coupling.16 However, our research found that for
Tbath < 220 mK, the value of n exceeded 5, nearly reaching 6. This
observation deviates from the predicted value due to certain condi-
tions, specifically in the dirty limit, where the electron mean free path
le is much smaller than the phonon wavelength kph, power dependen-
cies like T6 are predicted to occur.40 For our specific case, we calculated
le to be approximately 178 nm using the equation le ¼ lvFm
=e,
where vF is the Fermi velocity, m
 ¼ 0:023 is the InAs effective mass,
l ¼ 4970 cm2/(V 	 s) is the electron mobility, and e is the electron
charge. Additionally, we determined the phonon wavelength to be
kph ¼ hvS=ðkBTbathÞ ’ 1 lm for Tbath ¼ 200 mK, where h is the
Planck constant, kB is the Boltzmann constant, and vS ’ 4:2� 103

m/s is the sound velocity in InAs.47 These calculations indicate that
our devices operate in the dirty limit where le � kph, potentially con-
tributing to the observed n value exceeding 5. Nevertheless, the under-
lined reasons for the small R and high n values remain unclear.

The values of R and n show another unexpected feature: in Figs.
3(e) and 3(f) and 3(k) and 3(l), it is evident that both parameters start
to decay for Tbath > 220 mK. This behavior can be explained by con-
sidering the electron–phonon scattering length, Le�ph. This length can
be estimated as Le�ph ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dse�ph

p
, where se�ph is the electron–phonon

scattering time calculated using the relation se�ph ¼ C=Gth. Here,
C ¼ cVTe is the thermal capacitance of the electron gas, c is the
Sommerfeld constant, where c ¼ p2n3DkB=2TF , TF ¼ EF=kB is the
Fermi temperature, EF ¼ ð�h2=2m
Þð3p2n3DÞ2=3 is the Fermi energy,
and Gth ¼ @ _Qe�ph=@Te ¼ nRVTn�1

e is the thermal conductance of
the electron gas. When we calculate Le�ph using these parameters, we
find

Le�ph ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2k2B
�h2

m
n1=33D

ð3p2Þ2=3
vF le

3nRTn�2
e

vuut : (5)

The Le�ph value measures the distance over which one can assume a
constant electronic temperature. When using the values of R and n
found in the 100–220 mK region, this distance becomes shorter than
20 lm (which is the longitudinal dimension of the InAs mesa) when
Te ’ 380 mK. This could make our model unreliable for fitting the
data at higher temperatures, and the decay of R and n could be
ascribed to this.

In summary, we have conducted the fabrication and experimental
analysis of a hybrid superconductor–semiconductor structure using
InAs on Insulator (InAsOI) and aluminum as a platform for calori-
tronic systems. The performance of the electron–phonon coupling,
compared to metals such as chromium (Cr),38 copper (Cu),48 or gold-
palladium (AuPd),49 is remarkably good with values of R ’ 3� 107

W/(m3Kn) and n ’ 5:8. Looking at other semiconductors,16,46 the
comparison is encouraging due to the platform’s low electron–phonon
interaction and the potential to implement effects like superconducting
proximitization and Josephson coupling, which are hardly feasible in
materials such as Si.39,50 This makes the platform an ideal candidate
for all coherent caloritronics experiments,1,3,9,38 as well as single-
photon detection and bolometry.33–36,51 Furthermore, the semiconduc-
tive nature of InAsOI allows for modifying its properties, such as
charge density, through external electrostatic gating. This ability, not
possible with conventional superconducting metals, presents further
opportunities for coherent caloritronics and gateable
superconductivity.
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