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Hexagonal boron nitride as a low-loss dielectric
for superconducting quantum circuits and qubits
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Dielectrics with low loss at microwave frequencies are imper-
ative for high-coherence solid-state quantum computing plat-
forms. Here we study the dielectric loss of hexagonal boron
nitride (hBN) thin films in the microwave regime by measuring
the quality factor of parallel-plate capacitors (PPCs) made of
NbSe,~hBN-NbSe, heterostructures integrated into super-
conducting circuits. The extracted microwave loss tangent
of hBN is bounded to be at most in the mid-10-¢ range in the
low-temperature, single-photon regime. We integrate hBN
PPCs with aluminium Josephson junctions to realize trans-
mon qubits with coherence times reaching 25 s, consistent
with the hBN loss tangent inferred from resonator measure-
ments. The hBN PPC reduces the qubit feature size by approx-
imately two orders of magnitude compared with conventional
all-aluminium coplanar transmons. Our results establish hBN
as a promising dielectric for building high-coherence quan-
tum circuits with substantially reduced footprint and with
a high energy participation that helps to reduce unwanted
qubit cross-talk.

A generalized superconducting qubit comprises Josephson
junctions shunted by inductive and capacitive elements that
together determine its energy spectrum'. While the materials
comprising superconducting qubits would ideally be dissipation-
less, a dominant contributor to qubit decoherence is the interac-
tion of the electromagnetic fields of the qubit with lossy bulk and
interfacial dielectrics’.

In a typical superconducting circuit, dielectric loss may occur
in the tunnelling barrier of Josephson junctions and in the native
oxide layers covering the many metallic and substrate interfaces
of the device™*. These dielectrics are typically amorphous oxides
with structural defects that can be modelled as spurious two-level
systems (TLSs). Although the microscopic nature of these
TLSs remains to be fully understood, it has been established
that the interaction between TLS ensembles and the electro-
magnetic fields in superconducting quantum circuits limits
the coherence of qubits and the quality factor of superconduct-
ing resonators. It is also suspected that TLSs may be present
at interfaces holding chemical residue left from the device
fabrication processes®”’.
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State-of-the-art superconducting qubit technology has man-
aged to mitigate the impact of dielectric loss to a degree through
materials science, fabrication engineering and, primarily, improved
microwave design'. In particular, current qubit designs employ
large coplanar (lateral) capacitor pads, which serve to dilute the
energy participation of amorphous interfacial dielectrics at the
expense of a large form factor for individual qubits and complexi-
ties in microwave design. More importantly, the parasitic capacitive
coupling between lateral capacitors, which gives rise to stray qubit-
qubit coupling, tends to inadvertently increase coherent (spectator)
errors®’, inhibiting high-fidelity quantum operations at scale. This
design choice reflects the present lack of a suitable low-loss capaci-
tor dielectric needed to make small form-factor, parallel-plate
capacitors (PPCs).

Hexagonal boron nitride (hBN) is a layered van der Waals
(vdW) insulator that is chemically inert and features an atomically
flat interface, a crystalline structure and a lack of dangling bonds®”.
It provides a pristine environment for constructing devices for
quantum transport, nanophotonics and graphene-based supercon-
ducting qubits’'". hBN is also critical for stacking different vdW
materials in any desired order while preserving the functional and
structural integrity of each constituent vdW thin film. The resultant
devices, called vdW heterostructures’, exhibit structural likeness to
epitaxially grown heterostructures and are readily compatible with
circuit quantum electrodynamics architectures'-"*. Although vdW
materials and their heterostructures have long been anticipated to
be ideal material platforms for building high-coherence quantum
devices, there remains a critical —yet missing—piece of information
needed for this application: the dielectric loss tangent of hBN in
the presence of microwave electromagnetic fields, especially in the
gigahertz regime where superconducting qubits operate. Here we
directly measure the dielectric loss of hBN in the gigahertz regime
using a superconducting resonator. We then corroborate that result
by making a superconducting qubit with a PPC using hBN dielec-
tric and demonstrate coherence times comparable with qubits fabri-
cated using conventional lateral capacitors, despite being 250 times
smaller in size.

We first study the microwave loss of hBN by incorporating hBN
into microwave resonators. The intrinsic loss of a dielectric can be
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Fig. 1| Superconducting resonators for characterizing the microwave
dielectric loss of hBN. a, Schematic of the device design. A common
transmission line couples inductively to three types of LC resonators,
including a control resonator with an aluminium IDC. The external
(coupling) quality factor Q, and internal quality factor Q, which depend
on the microwave loss properties of hBN, are extracted from the S,, signal
measured by a vector network analyser. b, An hBN-coupled IDC to study
the microwave loss of hBN. The hBN flake is picked up and transferred
onto the IDC without any subsequent fabrication steps. ¢, An LC resonator
consisting of a NbSe,~hBN-NbSe, vdW heterostructure serving as a PPC.

characterized by its loss tangent, tan § = Im[¢]/Re[e] &~ 1/Q, where
€ is the permittivity of the material and Q is the material quality
factor. Figure 1a shows the schematic of our experimental design
comprising lumped-element microwave resonators with a meander
inductor and a capacitor that are inductively coupled to a common
feedline. The quality factor of hBN can be inferred from the internal
quality factor Q, of the resonators containing hBN via the transmis-
sion coefficient S,, of the common feedline.

Since the electric field of the resonator driven on resonance may
exist in various materials and not solely in the hBN, one must con-
sider the ‘participation’ of each material and its loss. The participa-
tion ratio p; of each material, defined as p,=W, /W,,,, where W, is
the electric field energy, is used to decompose the measured inter-
nal quality factor and its associated total loss tangent tand,, into a
weighted sum of constituent loss tangents:

1/Q; = tan 6ot = Zpi tan d;, (1)
where tand; is the loss tangent for each participating material i
weighted by its participation ratio p,.

To study the dielectric loss of hBN, we incorporate hBN crystals

into two types of LC microwave resonators comprising of inductive
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(L) and capacitive (C) components: one with hBN laid on top of an
interdigital capacitor (IDC) (Fig. 1b) and one with a PPC (Fig. 1c)
using hBN as the capacitor dielectric. The participation ratio of
hBN in each scheme is calculated using COMSOL Multiphysics
(Supplementary Information section 2 and Supplementary Fig. 1),
which shows that the electric fields are concentrated at the IDC and
within the dielectric portion of the PPC. For the IDC resonator, an
80 um x 80 pm capacitor and a flake thickness of roughly 500 nm
yields an hBN participation ratio of around 13%. In contrast, with
an hBN dielectric thickness of 10nm and an out-of-plane dielectric
constant £, =3.76 (ref. '*), the PPC for the resonator yields a capaci-
tance of around 83 fF and an hBN participation ratio of around 66%.

Figure 1b shows a mechanically exfoliated hBN flake that is
picked up and transferred onto the IDC of an aluminium micro-
wave resonator (hBN-AI-IDC in Fig. la) using the standard
dry-polymer technique'"'"”. The IDC design enables us to probe
hBN in a relatively intrinsic or ‘untouched’ state because no further
post-transfer fabrication is required. On the same chip, another LC
resonator, called AlI-IDC, with the same nominal resonance fre-
quency (f,=4.63 GHz) as the unloaded (no hBN) hBN-AI-IDC res-
onator, is implemented as a control resonator. The device is cooled
and measured in a dilution refrigerator with a base temperature of
approximately 10 mK (see Supplementary Information section 3 for
our measurement set-up).

We investigate the microwave loss of hBN by measuring the
transmission (S,,, Fig. 1a) of a microwave feedline coupled to the
test resonators in a hanger geometry using a vector network analy-
ser. Figure 2a plots the internal quality factor Q; of the hBN-Al-
IDC (green data points) and AI-IDC (purple data points) resonator
as a function of microwave power. The Q, is extracted by fitting the
line shape of the S,; signal around the resonance frequency using
a numerical fit that accounts for both the internal and external
Q factors (Q, and Q, in Fig. 1a)'.

In the low-temperature regime (kT<<hw, where k is the
Boltzmann constant, T is the temperature, / is reduced PlancK’s
constant and w is the driving-field angular frequency), the Q, of the
LC resonator generally increases with driving-field power, which
serves to drive TLSs into saturation. Once saturated, the TLSs no
longer contribute to the dielectric loss, but simply exchange energy
with the resonator electromagnetic field**. In contrast, the Q, is
generally lowest at the lowest driving powers, where most TLSs
are in their ground state and readily able to absorb energy from
the resonator electromagnetic field. At the single-photon power
level (dashed line), the hBN-coupled IDC shows a quality factor
of approximately 6 X 10°, whereas the Q; of the control IDC is simi-
lar or even slightly lower (while fluctuating). Across all of the IDC
devices measured, we observe that the presence of hBN does not
limit the Q, of the resonators.

To increase the participation ratio, we perform the same mea-
surements on resonators comprising PPCs formed from hBN
dielectric and NbSe,, a vdW superconductor'”'* used for the plates.
The devices are fabricated as NbSe,~hBN-NbSe, heterostructures
(Fig. 1¢). The heterostructure is assembled using dry-polymer tech-
niques in an argon-filled glovebox to prevent oxidation at NbSe,-
hBN interfaces, which enables us to characterize the dielectric loss
primarily given by hBN.

The quality factors Q, versus drive power extracted from three
representative PPCs are plotted in Fig. 2b,d (f,=4.18, 6.82 and
10.0GHz, respectively). The p,s of these devices ranges from
59% to 67% and is diluted primarily by the parasitic capacitance
in the meander inductor, which retains some of the electric field
(Supplementary Fig. 1).

Around the single-photon power level, the Q; of the PPC res-
onators (Fig. 2b-d) are approximately 2.3Xx10° 3.4Xx10° and
1.9 10°, respectively. We average the first five data points below
the single-photon limit to reduce the influence of outliers. Above
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Fig. 2 | Internal quality factor Q; of hBN-coupled LC resonators. a, Q, of LC resonators with hBN-covered IDC (green circles) and the control Al-IDC
(purple circles) plotted as a function of microwave power. The quality factors are obtained by fitting the line shape of the transmitted signal (S,,) around
the resonance frequency'®. At the single-photon power level (vertical dashed line), the two resonators exhibit similar Q.. b-d, Q, of resonators D4 (b), 4BC5
(c) and 11AD4 (d) with NbSe,-hBN-NbSe, PPCs, all showing Q; greater than 2x10° at the single-photon limit (vertical dashed lines). The decrease in Q,

at higher powers (greater than —100 dBm) may be attributed to a non-equilibrium distribution of quasiparticles induced by high microwave power and

effective electron temperature™.

the single-photon limit, Q; generally increases with drive power
until it declines at the higher power regime (at around —110dBm).
This behaviour is reminiscent of observations in aluminium reso-
nators attributed to a non-equilibrium distribution of quasipar-
ticles induced at high microwave drive powers that results in an
additional power-dependent loss channel”. Given the higher par-
ticipation of the hBN in the PPC configuration, a more accurate
measure of the hBN material quality factor can be extracted. We
estimate the hBN loss tangent tand,;y by decomposing the total
loss as tan &t = 1/Q; = phpn tan SppN + pr tan §;, where p, and
tand, denote the participation ratio and loss tangent of the rest of
the circuit, respectively. To calculate the worst-case upper bound of
tan &y, we can attribute all of the loss to the hBN, that is, by assum-
ing tand,=0. The resulting upper bound for tané,, is obtained
by dividing tand,, by p.gy, which yields 6.7x107¢, 5.0 10~° and
7.8 1076, respectively. This directly translates to a worst-case lower
bound for the hBN quality factor: Qzy>1.5X10° 2.0Xx10° and
1.3 107, respectively. Across all 11 measured PPC devices, eight
exhibit quality factors Q,=2xf,, T, between 1% 10° and 3 X 10%, cor-
responding to an energy relaxation time T between 3.9 and 12 ps,
assuming a resonance frequency f,, =4GHz for the resonators.
Measurement results from additional PPC samples can be found in
Supplementary Information section 4.

hBN as a low-loss dielectric offers a promising opportunity
to construct high-coherence superconducting qubits with small
layout geometries. A PPC with low-loss hBN dielectric features
high specific capacitance (capacitance per unit area) and main-
tains the capacitor electric field within a small volume consisting
of high-quality hBN dielectric. Figure 3a shows such a circuit with
three PPC-shunted transmons and one conventional transmon qubit
with an aluminium lateral capacitor, each coupled to an individual
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readout resonator and sharing a common microwave feedline. The
PPC-shunted transmons are constructed on a silicon chip with
prefabricated aluminium circuit elements, including the transmis-
sion line, readout resonators, Josephson tunnel junctions and the
aluminium transmon (Fig. 3a—c). The NbSe,~hBN-NbSe, capaci-
tors are then integrated into the circuit using the same approach as
the resonator devices. The target capacitance of each PPC is 90fF,
with hBN thickness ranging from 10 to 30 nm for the corresponding
plate areas spanning 27 to 80 pm? The hBN PPC is about 250 times
smaller than the lateral capacitor of the aluminium transmon (area,
~2x10*pm? in our device) that dominates the footprint of typical
Xmon-type geometry”, while achieving energy participation rang-
ing from 76.8% to 91.0% (Table 1).

We perform time-domain measurements of fixed-frequency and
flux-tunable PPC-shunted transmons in the same measurement
set-up as the resonator measurements. The fixed-frequency design
allows us to probe the microwave loss of hBN-based capacitors
independent of the magnetic flux-noise in the system, whereas the
tunable-frequency design enables us to assess dephasing noise due
to the introduced susceptibility to magnetic flux noise. Although 1/f
magnetic flux noise is generally associated with dephasing, noise
at the qubit frequency may also contribute to energy decay (loss)?'.

Figure 4a plots the excited-state probability of a fixed-frequency
PPC-shunted transmon (device ID, NT-PPCQ3) initially prepared
in its excited state as a function of pulse delay, from which we extract
the energy relaxation time T, =24.4ps. In Fig. 4b, we show Ramsey
interference fringes, from which we obtain the decoherence time
T5 = 25.1 ps. In addition, this device has a mean T, of 17.9 ps and
amean T; of 17.2 us when averaged over 64 separate measurements
within a 12h window (Fig. 4a,b, inset histograms). The coher-
ence times of this best-performing fixed-frequency PPC-shunted
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Fig. 3 | Transmon qubits shunted by PPCs. a, Optical image of a PPC-shunted transmon chip. Four qubits, including three PPC-shunted transmon qubits
(PPCQ1-3) and one standard Xmon qubit, share a common line for readout and qubit control. All aluminium parts, except for the bridging electrodes
connecting the PPC to the rest of circuit, are prefabricated before transferring the vdW heterostructures. b, Zoom-in image of the PPC-shunted transmon
qubit, showing the superconducting quantum interference device made of Al-AlO,-Al tunnel junctions. ¢, PPC used in the PPC-shunted transmon qubit.
The capacitance is defined by the overlap region (~54 pm?) marked by the dashed line. d, Schematic of the flux-tunable PPC-shunted transmon qubit.

Table 1| Characteristics of transmon qubits shunted by PPCs and conventional Xmon qubits

Device fa(GHz) a/2n T, (us) Q (103) T; (us) Pran (%) tian Appc
(MEiz) Best Mean s.d. Best Mean s.d. (nm) (nm?)
Fixed-frequency transmons
NT-Xmon 3.69 222.2 51.6 49.0 1.70 = 73.6 38.2 13.8 = = =
NT-PPCQ1 3.61 206.6 224 149 2.84 338.2 21.2 91 512 76.8 30 97.0
NT-PPCQ2 3.50 154.0 4.6 2.0 0.84 43.4 4.3 2.7 0.67 91.0 10 174.9
NT-PPCQ3? 3.99 191.2 24.4 17.9 3.03 448.6 251 17.2 3.55 827 21 75.3
Flux-tunable transmons
T-Xmon 3.80 212.6 529 45.5 3.44 - 5.36 493 0.6 - - -
T-PPCQ1® 3.82 230.0 16.1 121 1.70 290.6 171 8.34 2.61 81.0 24 68.0
T-PPCQ2 3.47 174.0 3.65 1.94 0.46 423 5.50 2.67 0.76 82.8 21 78.5

2Fixed-frequency and tunable transmons discussed in the main text. The thickness of hBN (t,s) is obtained by AFM, and the PPC area (A, is defined by the overlapping region of each NbSe,-hBN-NbSe, stack.

qubit are approximately within a factor of 2-3 of those from the
fixed-frequency aluminium transmon on the same chip, with a
mean (best) T;=49.0(51.6)us and T5 = 38.2(73.6) ps. We also
characterize T, as a function of qubit transition frequency f,, of a
flux-tunable PPC-shunted transmon (Fig. 4c, device ID, T-PPCQI).
As shown in Fig. 4d, the T, of such flux-tunable qubits tends to
grow, albeit with temporal fluctuations, as the f,, decreases, a trend
consistent with the qubit coupling capacitively to the dielectric and
with Fermi’s golden rule®.

The coherence times and relevant parameters for both
fixed-frequency and flux-tunable PPC-shunted qubits are sum-
marized on Table 1. We emphasize that the coherence times of the
best-performing PPC-shunted qubits, for either fixed-frequency or
flux-tunable designs, are comparable to the standard aluminium
qubit on the same chip while being more than 250 times smaller in
size. The mean quality factors of the PPC-shunted qubits, estimated
by presuming the slightly anharmonic qubits are harmonic oscil-
lators, range from 4.2 10* to 4.5 10° and are consistent with the
PPC quality factor characterized in the LC resonator (Fig. 2).
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The device-to-device variation in coherence times in super-
conducting qubit devices is typically attributed to TLSs residing in
circuit elements such as Josephson junctions and shunting capaci-
tors. For hBN PPCs, both the materials and the associated fabrica-
tion processes could introduce TLSs into the heterostructures. For
example, the dry-polymer-based stacking approach may form ran-
domly distributed pockets filled with air or hydrocarbons between
different layers®. These trapped materials, along with deformations
of the layered materials, give rise to structural inhomogeneity that
would enhance the dielectric loss in regions with high energy par-
ticipation. In addition, the entire fabrication process, which incor-
porates the vdW heterostructures into the superconducting circuit,
involves a series of thermal cycling and nanofabrication steps,
which may undermine the quality factor of prefabricated elements
such as Josephson junctions and resonators. It is therefore conceiv-
able that our range of extracted hBN quality factor values—already
a worst-case lower bound due to the assumption that all observed
loss came from the capacitor—should be furthermore treated as
a lower bound for the intrinsic hBN crystals and associated vdW
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Fig. 4 | Characterization of fixed-frequency and flux-tunable transmon qubits shunted by PPCs. a, Energy relaxation time T, measurement of a fixed-frequency
PPC-shunted transmon device (NT-PPCQ3). The fitting of the qubit population to an exponential decay function yields T,=24.4 ps. Inset: histogram from

64 averaged measurements taken over 12 h with T, ranging between 12 and 24 ps. b, Ramsey measurement of a fixed-frequency PPC-shunted transmon device
(NT-PPCQ3). The dephasing time T of 25.1ps is obtained by fitting to the function exp(—7ramsey/T5) X COS(2TAf X ZRamsey)- Inset: histogram from 64
averaged measurements taken over 12h with T3 ranging between 10 and 24 ps. ¢, Energy spectrum of a flux-tunable PPC-shunted transmon device (T-PPCQ).
d, T, of a flux-tunable PPC-shunted transmon device (T-PPCQ1) measured as a function of qubit frequency. The T, shows an ascending trend as the qubit

frequency decreases.

heterostructures. Moreover, we observe no evident correlations
between Q, values and dimensional parameters (the hBN thickness
and the PPC area) from measuring 16 PPC devices (11 in LC reso-
nators and five in the PPC-shunted transmon qubits) in this experi-
ment (Table 1 and Supplementary Fig. 3). We attribute this feature
and the lower loss as compared to amorphous BN (ref. *) to the
highly crystalline bulk materials and atomically flat interfaces in
the NbSe,~hBN-NbSe, heterostructures. We predict that it will be
possible to improve the coherence of PPC-shunted qubits or other
vdW-based qubits by engineering the fabrication steps to reduce
their impact on the materials.

In summary, we have characterized the microwave loss of hBN
using resonators and qubits comprising hBN capacitors. The NbSe,~
hBN-NbSe, heterostructure, operated as a PPC in a superconducting
LC circuit, exhibits an intrinsic quality factor up to 3.4X 10° at the
single-photon limit, indicating comparable or even better perfor-
mance than that of epitaxially grown lumped-element devices previ-
ously reported”*’. The transmon qubits made with hBN PPCs exhibit
coherence times up to 25us, comparable to an aluminium Xmon
qubit fabricated on the same chip. Our results demonstrate that hBN
is a relatively high-quality, low-loss dielectric that can be employed
to build high-coherence quantum devices in the circuit quantum
electrodynamics architecture. In addition, qubits shunted with hBN
PPCs feature a single-qubit footprint smaller by at least two orders
of magnitude than conventional lateral capacitor designs, while con-
taining up to 91% of electric field energy between the parallel plates.
We emphasize that this demonstration suggests that high-quality,
lumped-element devices may be built with vdW heterostructures to
mitigate unwanted qubit—qubit cross-talk, which is key to realizing
high-fidelity, multi-qubit operations. Of particular interest is a vdW
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heterostructure comprising a Josephson tunnel junction and a shunt-
ing capacitor using hBN dielectric. Such vdW-based merged-element
devices possess the potential to yield high-coherence qubits with an
even further reduced form factor*”. Finally, with advancements
in wafer-scale growth of single-crystal hBN thin films*** and vdW
heterostructures, one can envision using standard wafer-scale fab-
rication approaches to manufacture devices incorporating hBN as
a substrate, a passivation layer, lumped elements such as PPCs or
Josephson junctions, and even all-vdW materials platforms for exten-
sible superconducting quantum computing schemes.

We became aware of a complimentary work™ during the prepa-
ration of this manuscript.
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Methods

Details about device fabrication, measurement set-ups and simulations are available
in the Supplementary Information.
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