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ABSTRACT

Dielectrics featuring a high relative permittivity, i.e., high-k dielectrics, have become the standard insulators in gate architectures, enhancing
the electrical performance of both room temperature and cryogenic electronics. This study delves into the cryogenic (3 K) performance of
high-k dielectrics commonly used as gate insulators. We fabricated Al2O3 and HfO2 layers via atomic layer deposition (ALD) and extrapo-
lated relative permittivity (k) and dielectric strength (EBD) from AC (100 Hz–100 kHz) and DC measurements on metal–insulator–metal
capacitors. Our findings reveal a strong dependence of HfO2 cryogenic performance on ALD growth temperature, while the latter shows
a negligible impact on Al2O3. We estimated ∼9% and ∼14% reductions in the relative permittivities of HfO2 and Al2O3, respectively, at tem-
peratures from 300 to 3 K. Additionally, we designed and fabricated Al2O3/HfO2 bilayers and checked their properties at cryogenic tempera-
tures. The study also investigates the impact of the patterning method, namely, UV or electron-beam lithography (acceleration voltage of 10,
20, or 30 kV), on the high-k dielectric properties.

© 2025 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/10.1063/5.0250428

INTRODUCTION

Cryogenic electronics, which is electronics operating at low
temperatures, promises to enhance the performance of electronic
systems, from a few transistors to very-large-scale integrated (VLSI)
circuits.1–5 Alongside device miniaturization, lowering the operation
temperature promises an advancement in performance, thanks to
the improvement in material-related properties.2 Increasing the
carrier mobility and lowering the resistance, down to 0Ω in the case
of superconductors,6 allow reaching higher operational speeds
decreasing the temperature.7 At the same time, higher conductivities,
together with the reduction of current leakages, (sub)thresholds, and
supply voltages, allow to break down power requirements.8,9

In the same manner as room temperature electronics, metal–
oxide–semiconductor field-effect transistors (MOSFETs) working

at cryogenic temperatures, i.e., cryo-CMOS, are considered the
building blocks for most of the low-temperature electrical
applications.10–12 Specifically, due to the previously mentioned
achievements, the electrical performance of MOSFETs tends to
improve by lowering the device temperature, reaching higher gain
and speed, lower noise level, and improved reliability.13 Similar
considerations could be made if superconductive source and drain
leads are included in the FET, leading to a superconducting
Josephson field-effect transistor (JoFET).14–17 The latter device is
an essential cryogenic building block for quantum fundamental
research activities18–20 and technological applications.21–24

An example of this is the gatemon qubit.25–29 The gatemon is
derived from the transmon qubit, a resonant superconducting
circuit that relies on the nonlinear inductance of Josephson
junctions.30–32 The gatemon allows easy tuning of the qubit
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transition frequency by using the gate voltage to change the
inductance of a JoFET.25–29 In contrast to the flux-controlled
transmon, the voltage-tunable gatemon shows promise in sim-
plifying the scaling-down of multi-qubit circuits and provides
new methods to control multi-qubit architectures.

Starting from the 45-nm technological node, dielectrics fea-
turing a high relative permittivity, i.e., high-k dielectrics, are the
standard insulators embedded in gate architectures to decrease
the gate voltage operation range of a FET.33–35 Among these,
commonly used high-k dielectrics are, but not limited to,
aluminum oxide (Al2O3, k ∼ 936–39), hafnium dioxide (HfO2,
k ∼ 2536–39), zirconium oxide (ZrO2, k ∼ 2536–38,40), lanthanum
oxide (La2O3, k ∼ 3036–38,41), and titanium dioxide (TiO2,
k ∼ 8036–38,42). Consequently, it is essential to characterize the
cryogenic properties of high-k dielectrics to improve classic and
superconducting FET design at cryogenic temperatures.43

In this study, we assessed the cryogenic (3 K) performance of
high-k dielectrics commonly used as gate insulators. Specifically,
we examined the relative permittivity (k) and dielectric strength
(EBD) of Al2O3 and HfO2 layers fabricated using atomic layer depo-
sition (ALD). We determined the dielectric properties through AC
(100 Hz–100 kHz) and DC measurements on metal–insulator–
metal capacitors. Our results showed a ∼9% reduction in the

relative permittivity of HfO2 and a ∼14% reduction in Al2O3 as
the temperature decreases from 300 to 3 K. We observed that the
cryogenic performance of HfO2 is greatly influenced by the ALD
growth temperature, while the latter shows a negligible impact on
Al2O3. We also fabricated Al2O3/HfO2 bilayers and analyzed their
properties at cryogenic temperatures. Furthermore, we investi-
gated the impact of different patterning methods, such as UV or
electron-beam lithography, on the properties of high-k dielectrics.

EXPERIMENTAL SECTION

Fabrication of MIM capacitors

Metal–insulator–metal (MIM) capacitors were fabricated on
SiO2(300-nm-thick)/Si square samples. “T-shape” bottom elec-
trodes were obtained via a Ti/Au(10/40 nm) bilayer lift-off. Then,
single layers of HfO2 or Al2O3 and a bilayer of Al2O3/HfO2 were
deposited via atomic layer deposition (ALD) at an optimized tem-
perature of 130 or 300 °C. For HfO2, tetrakis(ethylmethylamino)
hafnium (TEMAH) and H2O were used as oxide precursors, while
trimethylaluminum (TMAl) and H2O were involved in the Al2O3

growth. In both cases, Ar was used as the carrier gas. For both the
insulators, the deposition process follows four steps: (i) main pre-
cursor dose, (ii) main precursor purge, (iii) H2O dose, and (iv)

FIG. 1. Metal–insulator–metal capacitors: concept and morphologic characterization. (a) 3D sketch of a MIM capacitor used to measure electrical performance of high-k
dielectrics. The inset shows the in-section MIM capacitor active area where the high-k dielectric acts as the primary insulator. (b) Optical microscopy image of a chip featur-
ing MIM capacitors with different areas and HfO2 as an insulator; the scalebar is 1 mm. The inset shows the MIM capacitor active area; the scalebar is 100 μm.
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H2O purge. More details about the ALD steps are provided in the
supplementary material. Single layers were deposited through 250
ALD cycles of HfO2 or Al2O3; on the other hand, the bilayers were
deposited through 125 ALD cycles of Al2O3, followed by 125 ALD
cycles of HfO2 grown at the same temperature.

After insulator deposition, aligned “T-shape” top electrodes
were obtained via a Ti/Au(10/55 nm) bilayer lift-off. To check the
impact of the patterning method on the electrical performance of the
deposited insulators, the top electrode patterning method was chosen
between UV lithography and electron beam lithography (EBL).
The EBL was performed at an acceleration voltage of 10, 20, or
30 kV, with gun apertures of 7.5 or 120 μm.

Electrical characterization of MIM capacitors

AC electrical characterization of MIM capacitors was per-
formed by measuring the capacitor impedance (magnitude and
phase) in the frequency range from 100 Hz to 100 kHz upon appli-
cation of a sinusoidal voltage signal with 250 mVrms amplitude and

0 V bias. DC electrical characterization of MIM capacitors was
performed by recording the current–voltage curve upon applica-
tion of a step-graded voltage (absolute voltage step = 100 mV, step
delay = 1 s) and measuring the flowing current.

An extended version of the experimental section containing
information about “Materials and chemicals,” “Fabrication of MIM
capacitors,” “Electrical and morphological characterization of MIM
capacitors,” “Best-fitting of experimental data,” and “Statistical
Analysis” is provided in the supplementart material.

RESULTS AND DISCUSSION

Figure 1(a) shows the 3D model of a T-shaped MIM capacitor
used to evaluate the electrical performance of high-k dielectrics.

Briefly, a Ti/Au (10/40-nm-thick) “T-shape” bottom metal
electrode was deposited via thermal evaporation on a SiO2/Si sub-
strate. Then, a high-k dielectric layer, which is HfO2, Al2O3, or an
Al2O3/HfO2 bilayer, was conformably deposited via atomic layer
deposition (ALD). We investigated two ALD deposition

FIG. 2. HfO2 and Al2O3 cryogenic relative permittivity behavior. (a and d) Bode diagrams of MIM capacitors featuring HfO2 (a) or Al2O3 (d) fabricated at an ALD tempera-
ture of 300 °C, measured at 3 K. (b and e) Capacitance vs capacitor area of MIM capacitors featuring HfO2 (b) or Al2O3 (e) fabricated at an ALD temperature of 300 °C,
measured at 300 K and 3 K. (c and f ) Dielectric permittivity of high-k insulators grown via ALD, measured at 300 K and 3 K. Data in (c and f ) are reported as the average
value measured over five MIM capacitors, with error bars representing the root-mean-square deviation.
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temperatures, namely, 130 and 300 °C. Single layers were deposited
through 250 ALD cycles, while the Al2O3/HfO2 bilayer was depos-
ited via 125 cycles of Al2O3, followed by 125 cycles of HfO2. The
resulting insulating thicknesses are ∼31 nm and ∼28 nm (growth
rate of 1.25 and 1.10 Å/cycle) for insulators grown at 130 and 300 °
C, respectively. Eventually, an aligned Ti/Au (10/55-nm-thick)
“T-shape” top metal electrode was deposited via thermal evapora-
tion to overlap part of the bottom electrode. The overlapping area
(A =W × L), which was set to 7500, 15 000, 22 500, 30 000, or
37 500 μm2, is the MIM capacitor active area where the high-k
dielectric acts as the main insulator. Figure 1(b) shows an optical
microscopy image of a 7 × 7-mm2 die embedding MIM capacitors.

As observed from the photograph, the die contains five capacitors
where the overlapping area increases from bottom to top.

MIM capacitors featuring HfO2 or Al2O3 as gate insulators
were measured using a 4He closed-cycle cryostat with a low-
frequency measurement setup; the electrical characterization was
performed at 300 and 3 K. We measured the capacitor impedance,
namely, magnitude (|Z|) and phase (∠Z), over the frequency range
from 100 Hz to 100 kHz to assess the performance of MIM capaci-
tors.39,44 Figures 2(a) and 2(d) show the impedance magnitude and
phase over frequency, i.e., the Bode diagrams, of MIM capacitors
featuring HfO2 [Fig. 2(a)] or Al2O3 [Fig. 2(d)] as insulators, mea-
sured at 3 K.

FIG. 3. HfO2 and Al2O3 cryogenic dielectric strength behavior. (a and c) Current vs voltage curve of MIM capacitors featuring HfO2 (a) or Al2O3 (c) fabricated at an ALD
temperature of 300 °C, measured at 3 K. (b and d) Absolute values of positive and negative dielectric strengths of high-k insulators grown via ALD, measured at 3 K. Data
in (b and d) are reported as the average value measured over five MIM capacitors, with error bars representing the root-mean-square deviation.
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The impedance behavior follows what is expected for an ideal
capacitor: the impedance magnitude depends on frequency (f) and
capacitance (C) as 1/2πfC, while the phase exhibits a constant value
of ∼−90°. Through best fitting (R2 = 0.9999) of experimental data
on magnitude and phase vs frequency with an electrical lumped
model consisting of a capacitor C, we retrieved the capacitance of
MIM capacitors,

C ¼ ε0k
A
t
, (1)

where ε0 is the vacuum permittivity, k is the relative permittivity,
A is the capacitor area, and t is the dielectric thickness. Figures 2(b)
and 2(e) show the capacitance values of MIM capacitors featuring
HfO2 [Fig. 2(b)] or Al2O3 [Fig. 2(e)] grown via ALD at 300 °C, mea-
sured at both 300K and 3 K. The capacitance linearly increases with
the capacitor area, in agreement with Eq. (1). For each area, the
capacitance value decreases by reducing the temperature from 300 to
3 K. We then extrapolated the relative permittivity by inverting (1)
under the approximation of negligible changes of in-plane and
out-of-plane MIM capacitor geometric features with temperature.45

Figures 2(c) and 2(f) show the k values of HfO2 [Fig. 2(c)] and
Al2O3 [Fig. 2(f)] insulators grown via ALD at 130 and 300 °C, mea-
sured at both 300 and 3 K. For all the insulators, the relative permit-
tivity decreases by reducing the device temperature. Average
decrements of ∼9% and ∼14% were evaluated for HfO2 and Al2O3,
respectively, which agrees with our recent findings with other
popular conventional insulators.46 Interestingly, Al2O3 shows relative
permittivities of ∼8.5 and ∼7.3 at 300 and 3 K, respectively, regard-
less of the ALD growth temperature. On the other hand, a strong
impact of the ALD deposition parameters is observed on the HfO2

properties. Specifically, in the case of 130 °C-grown HfO2, the layer
features k values of 17.9 and 16.5 at 300 and 3 K, while in the case of
300 °C-grown HfO2, the insulator shows k values of 25.4 and 22.6 at
300 and 3 K, respectively. We associated the lower permittivity of the

130 °C-grown HfO2 with a reduced film density induced by the
lower ALD growth temperature.47

Next, we measured the MIM capacitor current vs voltage
curves, i.e., I−V curves, from which the avalanche breakdown
behavior of the fabricated insulators can be observed. Figures 3(a)
and 3(c) show the I−V curves of MIM capacitors featuring HfO2

[Fig. 3(a)] or Al2O3 [Fig. 3(c)] as insulators, measured at 3 K.
The current slowly linearly increases with the voltage applied

until it reaches the breakdown voltage (VBD), where the relationship
between current and voltage becomes exponential. We best-fitted
(R2 = 0.97) experimental data with a two-region piecewise linear
model to retrieve positive (VBD

+) and negative (VBD
−) breakdown

voltages (Fig. S1 in the supplementary material). Then, the dielec-
tric strength (EBD) was extrapolated as

EBD ¼ �VBD

t
: (2)

Figures 3(b) and 3(d) show the EBD values of HfO2 [Fig. 3(b)]
and Al2O3 [Fig. 3(d)] grown via ALD at 130 and 300 °C, measured
at 3 K. Apart for the HfO2 layer grown at 130 °C, all the dielectrics
exhibit similar positive and negative dielectric strengths. As reported
for k, Al2O3 shows a dielectric strength of ∼330MV/m, regardless of
the ALD growth temperature. On the other hand, while 300 °C-grown
HfO2 features a symmetric |EBD| of ∼270MV/m, 130 °C-grown HfO2

shows an asymmetric dielectric strength, where EBD
+ =−330MV/m

and EBD
− = 400MV/m. The asymmetric behavior observed for the

HfO2 layer grown at 130 °C could be related to polarized chemical
and electrical impurities incorporated during the low-temperature
ALD process.47–49

We then manufactured MIM capacitors featuring an
Al2O3/HfO2 bilayer, which is fabricated with 125 ALD cycles of
Al2O3, followed by 125 ALD cycles of HfO2. Bilayers of high-k
dielectrics are helpful in all those situations where low chemical
compatibility between metallic or semiconductive electrodes and

FIG. 4. Cryogenic behavior of Al2O3/HfO2 bilayers. (a and b) Capacitance vs capacitor area of MIM capacitors featuring a bilayer of Al2O3/HfO2 grown at 130 °C (a) or
300 °C (b), measured at 3 K. (c) Absolute values of positive and negative dielectric strengths of Al2O3/HfO2 bilayers grown via ALD, measured at 3 K. Data in (c) are
reported as the average value measured over five MIM capacitors, with error bars representing the root-mean-square deviation.
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insulators is present. An example is the InAs/HfO2 case, where the
issue can be circumvented by interposing a thin layer of Al2O3

between them.50 Figures 4(a) and 4(b) show the capacitance values
of MIM capacitors featuring a bilayer of Al2O3/HfO2 grown via
ALD at 130 °C [Fig. 4(a)] or 300 °C [Fig. 4(b)], measured at 3 K.

Capacitance experimental data (black dots) are in good agree-
ment with what is expected from the theoretical model (red dots),

1
CHf O2/Al2O3

¼ 1
CHf O2

þ 1
CAl2O3

, (3)

where C is calculated from Eq. (1). Values of relative permittivities
involved in calculations were retrieved from Figs. 2(c) and 2(f),
while thicknesses were obtained by dividing the measured thick-
nesses of HfO2 and Al2O3 layers by 2. Figure 4(c) shows the EBD
values of HfO2/Al2O3 bilayers, measured at 3 K. For both ALD
growth temperatures, the dielectrics exhibit an asymmetric dielectric
strength, even though the starting layers exhibit symmetrical values.
This could be related to the MIM capacitor asymmetry in the
out-of-plane direction with respect to the applied voltage drop: both
bandgaps of HfO2 and Al2O3 and work functions of Ti (in contact
with HfO2) and Au (in contact with Al2O3) are different. This kind
of structure produces an asymmetrical behavior in the transmission
of electrons through the bilayer, which could result in an asymmetri-
cal dielectric strength.51,52

Eventually, we evaluated the impact of the patterning method
used to define the MIM capacitor top electrode geometry on the
cryogenic properties of high-k dielectrics. As a case study, we
focused on HfO2 grown via ALD at 130 °C and explored different
patterning techniques, namely, UV lithography (UVL) and
electron-beam lithography (EBL) [Fig. 5(a)]. EBL was performed
by changing the acceleration voltage (V) from 10 to 30 kV and the

gun aperture (f) from 7.5 to 120 μm. The investigation was trig-
gered since irradiation of semiconductors or insulators with high-
energy electrons can damage the material, drastically changing its
transport properties.53,54 Figure S2 in the supplementary material
shows the simulated electron trajectories and deposited energy for
irradiating electrons with V of 10, 20, and 30 kV. Regardless of the
accelerating voltage, irradiating electrons in all cases reach the
HfO2 layer with an energy density comparable to that released in
the EBL resist.

Figure 5(b) shows the relative permittivity values of the 130 °
C-grown HfO2 layer measured at 3 K, from which no significant
variations are observed changing the lithographic method and set-
tings. The same is true for the dielectric strength [Fig. 5(c)], where
the asymmetric behavior of the 130 °C-grown HfO2 layer was sub-
stantially maintained for all the patterning processes developed.
The results support the statement that irradiation of high-k dielec-
trics during EBL with electrons featuring typical EBL doses and
energies ranging from 10 to 30 keV does not alter their cryogenic
dielectric behavior.

CONCLUSIONS

In this work, we studied the behavior of high-k dielectrics at
cryogenic temperatures (3 K). We fabricated Al2O3 and HfO2 layers
via atomic layer deposition (ALD) and extrapolated relative permit-
tivity (k) and dielectric strength (EBD) from AC (100 Hz–100 kHz)
and DC measurements on metal–insulator–metal capacitors. Al2O3

showed consistent cryogenic performance regardless of the ALD
growth temperature, while the properties of HfO2 strongly
depended on the ALD parameters. We observed approximately 9%
and 14% reductions in the relative permittivities of HfO2 and
Al2O3, respectively, from 300 to 3 K. Additionally, we fabricated
Al2O3/HfO2 bilayers that can be employed as gate dielectric stacks

FIG. 5. Impact of the lithography patterning method on the HfO2 cryogenic dielectric behavior. (a) 3D sketch of the MIM capacitor top electrode lithography patterning
method. UV lithography or electron-beam lithography are involved as patterning techniques. (b) Dielectric permittivity of HfO2 grown via ALD at 130 °C changing the pat-
terning technique, measured at 3 K. (b) Absolute values of positive and negative dielectric strengths of HfO2 grown via ALD at 130 °C changing the patterning technique,
measured at 3 K. Data in (b and c) are reported as the average value measured over five MIM capacitors, with error bars representing the root-mean-square deviation.
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in specific cryogenic applications. We also investigated the effect of
different patterning methods, such as UV or electron-beam lithog-
raphy (EBL), on the properties of high-k dielectrics. The results
demonstrated that irradiating high-k dielectrics during EBL with
electrons featuring typical EBL doses and energies ranging from 10
to 30 keV does not change their cryogenic dielectric behavior.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1 and S2, reporting
best-fitting curves of I–V characteristics for VBD estimation and tra-
jectories of irradiating electrons during EBL, respectively. The
supplementary material also includes additional experimental
details, materials, and methods.
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