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Epitaxy is a process by which a thin layer of one crystal is deposited in an ordered fashion onto a substrate crystal. The
direct epitaxial growth of semiconductor heterostructures on top of crystalline superconductors has proved challenging.
Here, however, we report the successful use of molecular beam epitaxy to grow and integrate niobium nitride (NbN)-based
superconductors with the wide-bandgap family of semiconductors—silicon carbide, gallium nitride (GaN) and aluminium
gallium nitride (AlGaN). We apply molecular beam epitaxy to grow an AlIGaN/GaN quantum-well heterostructure directly
on top of an ultrathin crystalline NbN superconductor. The resulting high-mobility, two-dimensional electron gas in the
semiconductor exhibits quantum oscillations, and thus enables a semiconductor transistor —an electronic gain element—
to be grown and fabricated directly on a crystalline superconductor. Using the epitaxial superconductor as the source
load of the transistor, we observe in the transistor output characteristics a negative differential resistance—a feature
often used in amplifiers and oscillators. Our demonstration of the direct epitaxial growth of high-quality semiconductor
heterostructures and devices on crystalline nitride superconductors opens up the possibility of combining the macroscopic
quantum effects of superconductors with the electronic, photonic and piezoelectric properties of the group III/nitride

semiconductor family.

The experimental discovery' of superconductivity in 1911 predated the
controllable synthesis and understanding of semiconductors? by nearly
three decades. However, in the time it took to uncover the correlated
physics behind superconductivity, rapid advances in the band-theory
of semiconductors, perfection in crystal growth, and discoveries such
as donor- and acceptor-doping and quantum heterostructure®* design
had unleashed their technological potential, enabling electronic ampli-
fiers and switches, as well as light-emitting diodes and diode lasers that
operate at room temperature. These solid-state devices have replaced
bulky and slow vacuum tubes and table-top lasers, and have shrunk
information processing, storage, and communication systems onto
a chip.

Today, semiconductor transistors are reaching their fundamental
Boltzmann limits in terms of switching energy and power consumption
in the digital von-Neumann computational architecture®, and com-
munication systems are approaching their Shannon limits in terms of
bandwidth and security. Quantum technologies have been envisaged to
offer exponentially faster computation and guaranteed secure commu-
nications®, and the leading materials for these emerging technologies
make use of the macroscopic manifestation of quantum properties in
superconductors. Devices such as Josephson junction flux qubits’, loss-
less microwave resonators®, AC Josephson junction lasers’ and super-
conducting single-photon detectors'” are the building blocks of these
new quantum-information systems.

Substantial advances in such systems would be expected if the power
of semiconductors could be combined with that of superconductors
on a single epitaxial platform!!~!%. The group III/nitride semicon-
ductors GaN (with a bandgap, E,, of about 3.4eV), indium nitride
(InN; Eg~0.6eV) and AIN (Eg~ 6.2 eV) constitute the most revolu-
tionary semiconductor family since silicon. That is because they offer,
in a single heterostructure material family (see Fig. 1), the necessary

ingredients for ultrafast microwave communications'?, ultralow-power
computation'®, high-voltage switches'®, infrared through visible
to deep-ultraviolet photonic emitters and detectors'”'®, and high-
frequency circuit components such as surface acoustic wave and bulk
acoustic wave filters'®. On the other hand, one of the most techno-
logically important superconductor families comprises the nitride
compounds NbN,, which have been used for superconducting
radio-frequency circuits®, squid magnetometers®!, Josephson junc-
tions??, single-photon detectors' for quantum communications and
astronomy, and a host of other applications?. Here, we report the suc-
cessful epitaxial integration of the semiconducting and superconduct-
ing nitride families as a crucial enabler for several applications.

Figure 1a shows that the lattice constants of Nb-based nitride metals—
such as hexagonal Nb,N and NbN, as well as cubic NbN rotated
onto the (111) plane—are very close to the lattice constants of SiC, AIN
and the GaN family. Wurtzite GaN and AIN can be grown on cubic
(111) silicon, and hexagonal SiC serves as the substrate for the epitaxial
growth of AIN- and GaN-based heterostructures for microwave tran-
sistors®* and for quantum-well visible-light-emitting diodes's.
Recently, we succeeded in growing crystalline epitaxial metal (epi-
Metal) niobium nitride layers by molecular beam epitaxy (MBE) on
SiC, and further grew GaN and AIN layers on the epiMetal layers®>%.
We found that the epiMetal layers retained high crystallinity and
electronic conductivity down to thicknesses of a few nanometres**.
The crystalline phases of the epilayers could be either hexagonal Nb,N
or NbN, or cubic NbN. In this study, we have determined that our
films are cubic NbN,, with x being around 0.75-0.88 as measured by
secondary-ion mass spectrometry (SIMS). In what follows, we will
simply refer to the phase and stoichiometry as NbN,. The use of NbN,,
enables an unprecedented level of epitaxial integration of buried
metallic layers with wide-bandgap semiconductors and insulators.
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Figure 1 | Bandgap, lattice constant, crystallinity and superconductivity
in epitaxial NbN, on SiC. a, Bandgap versus lattice constant for select
nitride semiconductors as well as for SiC. b, Cross-section HAADF-

STEM images in black/white (left) and false-colour (right) of 5-nm

NbN, grown on an SiC substrate with a AIN capping layer. ¢, Resistance
versus temperature (normalized to the resistance at 16 K), showing

the superconducting phase transition of 5-nm (red) and 35-nm (blue)

While investigating the low-temperature transport properties of the
thin MBE-grown NbN, layers, we find a superconducting phase tran-
sition at critical temperatures (1¢) ranging from 6 K to 15K, similar to
what has been found for NbN,, grown by other methods?”%, Epitaxial
layers of NbN, thinner than the coherence length are found to exhibit
two-dimensional superconductivity, with in-plane critical magnetic
fields (Hﬂ) well in excess of 20 T (the out-of-plane fields, HCL, are
around 3 T). NbN; is the first epitaxial superconductor to have been
integrated with a technologically relevant semiconductor system.

Growth of NbN| films by MBE

Niobium nitride used in superconducting electronics and bolometers
for single-photon detectors, deposited by electron-beam evaporation or
sputtering on non-epitaxial substrates, is typically polycrystalline!>!.
Taking advantage of advances in MBE-based control of the growth
of group III/nitride semiconductor heterostructures on SiC, we grew
epitaxial layers of NbN, directly on silicon-terminated, semi-insulating,
four-hexagonal and six-hexagonal (4H and 6H) SiC substrates. We
used a radio-frequency plasma nitrogen source of electronic-grade
purity—identical to that used for AIN and GaN high-electron-mobility
transistors (HEMTs), LEDs and lasers—to provide the active nitrogen
atoms. We also used an electron-beam source of niobium, and moni-
tored the growth in situ by reflection high-energy electron diffraction.
Semiconducting Al(Ga)N/GaN quantum heterostructures were then
grown epitaxially on top of the crystalline NbN, layers.

Figure 1b shows high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images of 5nm NbN, epi-
taxial layers grown on a semi-insulating 4H-SiC substrate and capped
with an AIN layer. The epitaxial NbN, layers are nearly completely
cubic, with high crystalline quality over large areas. Occasional twin
boundaries are seen—typically separated by about 1 um—as would be
expected from the symmetry mismatch between cubic NbN, and
hexagonal SiC and AIN (see Extended Data Fig. 1). Figure 1b shows the
epitaxial AIN on the NbNj to be of nitrogen polarity; the entire AIN
layer and all subsequent nitride semiconducting layers are hexagonal.
The surfaces of uncapped NbN, layers were extremely smooth, with
a root-mean-square surface roughness of 0.16 nm for a 1 pm x 1 pm
region, as measured by atomic force microscopy (AFM; see Extended
Data Fig. 2). Extended Data Fig. 3 shows X-ray diffraction (XRD)
images of the epitaxial NbN,.

Electronic and magnetic properties of MBE-grown NbN,,
In its normal state we find that MBE NbN, films are metallic with a
resistivity of about 107> 2 cm, comparable to that of bulk platinum
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epitaxial NbN, on SiC. Inset, resistance measured up to 300K. d, The
Meissner effect measured on the 5-nm and 35-nm samples, showing

clear magnetic-flux expulsion accompanying the superconducting phase
transition. These measurements are consistent with the T, obtained in
panel c. x10 and x0.14 indicate multiplication of the data by 10 or 0.14,
respectively, to allow data of different scales to be shown on the same plot.

at room temperature. The measured Hall-effect carrier sign is nega-
tive, indicating electron conductivity, and the Hall-effect carrier den-
sity in three dimensions (1134) is about 2 x 10?* cm ™2, with a mean free
path () of roughly 1 — 2a,, where g is the lattice constant (see
Extended Data Table 1 for more metallic-state properties). Using a
spherical Fermi surface approximation, the Mott-Ioffe-Regel crite-
rion indicates that kg is much greater than 1, where the Fermi

wavevector (k) is about (3m%n 3,1)%, implying that the normal state
transport is far above the minimum metallic conductivity regime.
Although the Fermi surface is not spherical, we expect this conclusion
to hold. We therefore find that our epitaxial NbN, films are best
characterized as working in the dirty limit (A <, where ¢ is the
coherence length), where the electron mean-free path is less than the
Cooper-pair coherence length extracted from superconducting meas-
urements, as described next.

Electrical transport measurements performed on the NbN, layers,
for thicknesses ranging from 4 nm to 100 nm, revealed superconduc-
tivity at transition temperatures of between 6 K and 15K. Figure 1c
shows the measured resistance R(T) normalized to the resistance at
16K (R,) for NbN, layers of thickness 5nm and 35 nm. The resistivity
of the samples exhibits a superconducting phase transition at around
7K for the 5-nm sample, and about 9K for the 35-nm sample. The inset
shows the resistance up to 300K for these two samples. In the metallic
phase for temperatures T < T'< 300K, the resistance shows an expected
increase owing to phonon scattering. Figure 1d shows the Meissner
effect measured on these two samples by vibrating sample magneto-
metry (VSM), revealing clear magnetic-flux expulsion accompanying
the superconducting phase transition. The superconductivity transition
temperature measured from electron transport and the Meissner effect
are found to be consistent.

When the thickness of the semiconductor heterostructure quantum
wells becomes smaller than the electron de-Broglie wavelength, quan-
tum confinement drives signature two-dimensional effects such as the
integer quantum Hall effect in single-particle magnetotransport®’.
Similarly, when the thickness of a superconducting layer d is less than
the coherence length &, a high anisotropy in the Meissner effect upper
critical field H versus H: is expected. These effects were recently
reported in monolayer NbSe,, a transition-metal dichalcogenide
superconductor. Figure 2a, b shows the out-of-plane and in-plane
magnetic-field-dependent normalized resistance R(T)/R, as a function
of temperature for the 35-nm NbN, epitaxial film. The variation of the
critical field with the critical temperature is shown in Fig. 2c. Both out-
of-plane and in-plane magnetic fields of strengths 0-4 T are seen to
lower the critical temperature approximately linearly.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



a 1 0 [ T T T T T T i b 1 O- T T T T T T ] c 8 T T T T
Out-of-plane In-plane 7 35 nm ]
magnetic field 35nm magneti¢ field 35nm Linearized

s: 0.8} 4 o 0.8F 4 ol Ginzburg-Landau ]

S é formula

@ 'S 5

¢ 06k 4 g 06l B In-plane

% BLM % Bl e magnetic field

7] —2 B — — 4 i

[7] (7

S 04f 151 8 04| SN

9 1 k] 2 3 E

Q D

3 —05 2 —1

£ 0.2f 0 4 Eo2t ——o0 2 -

S S

z z L Out-of-plane

magnetic field
Of, , == L] 0 L
0 2 4 6 8 10 12 14 2 4 6 8 10
TK) TK)
d e
T T T T T T T T T T T T
1.0F B 1.0 B
NbN, 9=0° 5nm
L I NbN,
SiC . T

08 1 <os Sic

S S .

Q: T Pauli para- |

s P magnetic limit

o 0.6 T o 0.6

§ T=6-3K §

R k]

[7] o | 0 O TN T

2 04f b 204

o ]

[} (5

N N

© ©

E 02| 4 Eo02

S S

z z

5nm |
0 Il Il Il Il Il L 0 1 Il Il Il L L 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 7

B

Figure 2 | Magnetotransport measurements on 35-nm and 5-nm NbN,
epitaxial films, showing two-dimensional superconductivity when the
epilayer thickness is less than the coherence length. a—c, 35-nm NbN,
films. d-f, 5-nm NbN films. a, b, Temperature-dependent normalized
resistance for the 35-nm sample, for various out-of-plane magnetic

fields B* (a) and in-plane fields Bl (b). ¢, The critical field H,, decreases
linearly with temperature, consistent with the Ginzburg-Landau model
of bulk superconductivity. d, For the 5-nm NbN, sample, the out-of-plane

The behaviour of the 5-nm-thick NbN, epitaxial layer is quite
different. Figure 2d, e shows that substantially stronger in-plane mag-
netic fields compared with out-of-plane fields are required to break
superconductivity for the 5-nm sample. The 5-nm sample remains
superconducting at 3K for in-plane fields up to 14 T, whereas the
35-nm sample is far into the metallic regime at this field.

The linearized Ginzburg-Landau equation for the perpendicular

_ %

critical field is:
_ % [T
el 7]

where ¢o=h/2e is the superconducting flux quantum, with h being
the Planck constant and 2e the charge of a Cooper pair; and £ ={1.(0)
is the extrapolation of the Ginzburg-Landau coherence length to
T'=0K. From the § =90° fits in Fig. 2c, f, we extract {~ 11 nm for
the d=5-nm sample, and £~ 10 nm for the d = 35-nm sample. This
explains our choice of representative sample thicknesses: one sample
behaves like a thin film (d > &) and one is in the two-dimensional
limit (d < §).

When the film thickness d is less than &, vortex formation under an
in-plane magnetic field is severely suppressed. Because the density of
Cooper pairs cannot change on a length scale shorter than &, vortices
cannot accommodate flux for in-plane magnetic fields. Because for
the d=5-nm film d < £/2, Cooper-pair breaking caused by orbital
effects requires a higher in-plane than out-of-plane magnetic field to
destroy superconductivity. We believe that the Zeeman effect for
pair-breaking®! is suppressed in our NbN; films, and that orbital-
pair-breaking is the dominant mechanism responsible for the

HH(T) (1)

B

magnetic field destroys superconductivity easily at low fields. e, Much
higher critical fields are needed when the field is in-plane. f, This strong
anisotropy of critical fields is shown, plotting the critical field H., versus
temperature for various angles, #, made by the magnetic field with the
NbN, plane. The lines fit the linearized Ginzburg-Landau formula at
6=0°and # =90°, and the lines for the intermediate angles are consistent
with the Tinkham formula (see text).

abnormally large H !z values. For in-plane critical fields, the Ginzburg-
Landau formula in the two-dimensional limit is:

HL(T) = —fgj’ [1 _ %]2 @)

With £ extracted from equation (1), the effective superconducting
thickness is extracted to be d =4.9 nm for the thin NbN| layer, in excel-
lent agreement with the thickness measured by STEM. The extrapola-
tion of this formula for = 0° in Fig. 2fto T — 0K suggests an upper
critical field H [2 of about 22 T. This is twice the value of the Pauli para-
magnetic limit, Hy, of about 1.86 x T.—that is, 11 T—resulting from
the Bardeen-Cooper—Schrieffer theory of superconductivity’!. Such
behaviour has also been observed in ultrathin superconducting sys-
tems: atomically thin layered transition-metal dichalcogenides®’,
ultrathin metals® and oxide heterojunctions®® have all shown an anom-
alously large H ﬂz- The possible reasons for this phenomenon are dis-
cussed further in the Methods.

We further ascertained the importance of the orbital-pair-breaking
effect rather than the Zeeman effect by measuring the angle-dependent
critical field for the thin NbN, sample. The results of angle-dependent
magnetotransport measurements at = 0°, 3°, 5°, 10°, 20° and 90°
for the 5-nm sample are shown in the H,, versus T phase diagram
in Fig. 2f; 6 is the angle that the magnetic-field vector makes with the
NbN,/SiC heterointerface. The critical-field dependence on tempe-
rature changes from linear for # =90° to strongly nonlinear for § =0°
for the 5-nm sample, whereas it remains linear for the 35-nm sample.
As shown in Fig. 2f, the experimentally measured H,, versus T; at
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intermediate angles at § = 3°, 5°, 10° and 20° shows an exceptional
agreement with the Tinkham formula®**;

2
H,(0, T)cos 0
H,(T)

H,(0, T)sin 6
Hy(T)

=1 (3)

where H CLZ(T )and H ﬂz(T) are obtained from equations (1) and (2), and
thus H.,(0,T) is obtained by solving equation (3). Given that the
Tinkham formula is obtained purely from the coupling between elec-
tron momentum and magnetic field*, the close agreement indicates
that the observed pair-breaking is primarily a result of orbital effects,
instead of the Zeeman effect (see Methods for further discussion). With
the experimental determination of the critical temperature, coherence
length and critical fields complete, we moved to the integration of
nitride semiconductor heterostructures with epitaxial NbN, films.

Semiconductor/superconductor heterojunctions
The ability to grow epitaxial Al(Ga)N and GaN on NbN, has created
an opportunity for the intimate integration of semiconductors with

superconductors. To demonstrate this functionality, we have grown
a GaN/AlGaN quantum-well heterostructure on the buried epitaxial
NbN; superconducting layer, as shown in Fig. 3a. After epitaxial growth
of 28-nm NbN, on SiC, a 22-nm AIN layer, a 1.3-pm GaN buffer layer,
a32-nm Al 4Gag¢N barrier, and a 32-nm GaN channel layer are grown
successively by MBE in a single run without breaking vacuum. The
entire AIN/GaN/AlGaN/GaN heterostructure takes a nitrogen-polar
wurtzite form of high crystallinity and has a sharp heterojunction.
This is confirmed by Hall-effect measurements of the mobility (1) of
a two-dimensional electron gas (2DEG) of about 1,350 cm?V~!s~! at
300K and about 3,400 cm? V™!'s™! at 2K, with two-dimensional den-
sities (1124) of about 1.3 x 10" cm™2at 300K and 1.2 x 10"*cm ™2 at 2K.
The 2DEG is formed in a triangular quantum well that is produced
at the top GaN/Alj 4Gag¢N heterojunction owing to the Berry-phase-
driven spontaneous and piezoelectric polarization difference between
AlGaN and GaN?%. The high 2DEG mobility is comparable to that
obtained in similar heterostructures without the NbN, buried layer,
indicating a successful epitaxial integration. The Hall-effect measure-
ment also proves that the 2DEG is electrically isolated from the buried
NbN, metal layer. This 2DEG channel has enabled the integration of
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Figure 3 | Electrical and magnetotransport characterizations of group
III/nitride/NbN, heterostructures. a, Cross-section schematic (top) and
scanning transmission electron microscopy (STEM) imaging (bottom
left and right) of Al(Ga)N/GaN HEMTs/NbN, grown by MBE on SiC
substrates. b, Four-probe resistance of the buried epitaxial NbN, layer,
showing that it remains superconducting—with a T; of about 7.7 K—after
the subsequent growth of the HEMT. ¢, Measured AR,, versus 1/B at
various temperatures, extracted from the longitudinal resistivity (R.)
versus 1/B after background subtraction (see Methods). The resistance
oscillation period, A(1/B), is 0.0038 T — 1, which can be used to estimate
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carrier concentration as ns = 1.26 x 10 cm 2. The numbers on the

arrows indicate the Landau level indices. d, x/sinh() as a function of
temperature at B=12.8 T. The lines are fittings made using effective
masses, m*, of 0.2 me, 0.21 me and 0.22 m.. The inset shows Dingle plots at
various temperatures, allowing extraction of the quantum-scattering time
Tq- The linear fit to experimental data gives 74 = 66 fs, which translates

to a momentum/quantum-scattering ratio of 7i/7q = 5.6 >> 1—a clear
indication of charged dislocations as the dominant scattering mechanism
in this 2DEG*.
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an HEMT with NbN,; before describing this integration, we discuss
the quantum-transport properties of the 2DEG channel as probed by
low-temperature magnetoresistance.

Low-temperature and high-magnetic-field measurements revealed
clear Shubnikov-de Haas oscillations in the magnetoresistance of
the 2DEG (Fig. 3¢, d). These oscillations are commensurate with the
magnetic-field-driven formation of Landau levels, and are used to
extract the carrier concentration, electron effective mass, and quan-
tum-scattering times®”® by using the Lifshitz-Kosevich®® form of the
magnetoresistance:

2
ApxR1Rp cos[ml%]
e

In this equation, the periodicity in inverse magnetic field depends only
on the carrier concentration nsqy and the fundamental constants e
and h. The measured period of A(1/B)=0.0038 T~! shown in Fig. 3¢
corresponds to a carrier concentration of 1.26 x 10'* cm~2, consistent
with low-field Hall-effect measurements. R = x/sinh(x) measures
the thermal damping owing to a broadening of Landau levels, with the
dimensionless factor y = 2m*kpT/hw, parametrizing the ratio of
the thermal energy to the Landau-level energy separation®. Here kg is
the Boltzmann constant, T is the temperature, and w, = eB/m* is the
cyclotron frequency with effective mass m*. Figure 3d shows the factor
R 7 plotted against the temperature dependence of the N= 19 Landau-
level peak amplitude. The effective mass m* & 0.21m, extracted from
this plot is consistent with prior reports for 2DEGs in GaN*’. Using the
measured effective mass, the Dingle factor R, = wm* /e Breveals the
quantum-scattering lifetime 74 (ref. 41). The inset of Fig. 3d shows that
the peak amplitude varies with inverse magnetic field for various tem-
peratures with a characteristic quantum-scattering time of about 66 fs.
This value is substantially smaller than the transport-
scattering time (7¢) extracted from the low-temperature Hall-mobility
measurement; the ratio 7/74= 5.6, being much greater than 1, suggests
that Coulomb scattering from charged dislocations is the dominant
scattering mechanism in the 2DEG*2. Dislocations of density of about
10° cm ™2 are typically present in GaN/AlGaN 2DEGs grown on SiC, Si
or other substrates**~*4, We emphasize that the presence of magnetic
quantum oscillations demonstrates the high-quality epitaxial growth
of the GaN/AlIGaN 2DEG on the superconducting NbN; film.

We fabricated nitrogen-polar GaN HEMTs as described in ref. 26.
Low-resistance source/drain ohmic contacts were formed to the polar-
ization-induced 2DEG, and 10 nm TiO; high-K dielectric was used
before depositing the gate metal. Details of the process and device
dimensions are described in the Methods. To form an electrical con-
tact to the NbN, layer, we applied a large voltage between two adjacent
metal contacts, Sand &', that were initially isolated from each other by
mesa etching (Fig. 3a). This process formed a low-resistance contact
between S and ' through the epitaxial NbN, layer (dashed red line in
Fig. 3a). A four-probe resistance measurement on such contacts (see
Fig. 3b and Methods) confirmed that the buried NbN; epilayer retained
its superconductivity, with a transition temperature of around 7.7K,
even after the epitaxial growth of the entire nitride heterostructure on
top of it and the subsequent device processing and annealing steps.

Figure 4a shows the HEMT drain current (Jg) per unit width,
Ja=I4/W, in logarithmic scale as a function of the gate voltage for
two drain voltages at 5 K. Note that the gate voltage Vi (the voltage
difference between gate g and source s')and drain voltage Vy¢ (the
voltage difference between drain d and source s’) are measured with
the buried NbN, layer serving as the source load of the HEMT. The
gate leakage current is low, and the drain current changes by about
six to seven orders of magnitude as the Fermi level of the GaN
quantum-well channel is pulled from inside the conduction band at
Vge =0V into the gap at Vo= —8 V. The high on/off ratio was also
observed at room temperature, as shown in Extended Data Fig. 4 and
discussed in the Methods.

ARTICLE

To quantify the effect of the superconducting load element, we
compare the current in the HEMT from the drain (D) to S and &’
under varying gate voltages. The Jq— Vg transfer curve measured at
5K deviates from the J3- Vg transfer curve for currents of greater than
0.1 A mm ! (Extended Data Fig. 5). Below 0.1 A mm !, NbN, remains
superconducting with R, =0 (2, and therefore does not contribute to
the measured transfer curve. A current larger than 0.1 A mm™! drives
the NbN, into a normal metal state with Ry.~4.6 €2. The supercon-
ductor-to-metal phase transition can occur when the magnetic field is
greater than the critical magnetic field (H,), when the current density
is higher than the critical current density (), or when the temperature
is higher than the critical temperature (T¢). According to Ampere’s law,
the magnetic field resulting from the 2DEG current J; at the supercon-
ducting layer is around jJ4/2 ~ 10~ T (that is, much less than H,). As
shown in Extended Data Fig. 6, we have measured the critical current
density of the MBE NbN, to be J.=10°A cm 2, and for a thickness
of t=28 nm the net current density is estimated to be J= 10> A cm 2
(much less than J;). Thus, we rule out the Meissner effect and high
current injection as possible causes of the superconductor-to-metal
transition driven by the transistor. We attribute the transition to Joule
heating at the semiconductor/superconductor junction. The abrupt
appearance of a resistive load lowers the measured transistor current
flowing across D-to-§', changing the transfer curve. Further investiga-
tion of this electronic phase change in the load shows that the effect is
strong enough to drive a negative differential resistance (NDR) in the
transistor output characteristics.

Figure 4b—d shows the measured Jy- Vyy output characteristics of the
HEMT as a function of gate voltages, measured at 10K, 7K and 5K,
with the NbN, layer as the source load. At temperatures of 10K (greater
than T¢), the NbN, layer acts as a resistive load at all bias conditions,
and Jy increases monotonically with Vg (Fig. 4b). As the temperature is
lowered to 7K (less than T¢), the NbN, load drops to its zero-resistance
state. This is characterized by a lower transistor on-resistance and a
weak NDR (Fig. 4c).

Asthe power levelis increased, Joule heating warms the NbN,/AIN/GaN
junction to temperatures higher than T, turning the surrounding
superconducting NbN; into a normal metal, and thus lowering the
channel current. The abrupt increase in resistance caused by the super-
conductor-to-metal transition leads directly to the appearance of an
NDR, as seen clearly seen in Fig. 4c, d. The transition regime of load
from superconducting phase to normal metal for all Jy- Vgy curves at 7K
and 5 K lies within two iso-power contours, P=1x V (solid and dashed
lines in Fig. 4c, d). This is a clear indication that the phase transition is
thermally induced by Joule heating, and not through the critical current
or critical magnetic field of NbN,. A critical-current-mediated mani-
festation or a critical-magnetic-field-mediated phase transition would
have caused an NDR at the same current level, not the same power level.

This form of a phase-transition element attached at the source
contact of a transistor has been used to demonstrate sub-Boltzmann
switching in silicon and GaN transistors at room temperature®. In
such phase-field-effect transistors, the phase change was obtained
through a filamentary metal-to-insulator transition in VO, that was
driven through a combination of thermal phase transition and Mott-
Hubbard interactions by injected current. The superconducting phase
transition at a low temperature in the hybrid superconductor-transistor
phase-field-effect transistors and the resulting NDR behaviour has not
been observed before.

Conclusions

The successful epitaxial integration of group III/nitride semiconductors
and transistor gain elements with NbN-based superconductors points
towards several new opportunities. Just as the development of reduced
surface and interface states of silicon paved the way for the metal-
oxide-semiconductor field-effect transistor, so do epitaxial NbN,/
group III/nitride structures offer the possibility of defect-free metal/
semiconductor heterojunctions. Semiconductor transistors were
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Figure 4 | Current-voltage characterizations of HEMTs with a
superconducting source load at low temperatures. a, Drain current
density versus gate-source voltage (Ja-Vgy) transfer curves of the HEMTs
at 5K, showing a high on/off ratio at V4o =0.1 V and 1.1 V. The inset
shows the equivalent circuit diagram for the device. b-d, J4, versus source-
drain voltage, Vyy, for various top-gate voltages, Vg, of GaN HEMTs with
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instrumental in the discovery of the quantum-Hall effect?®, which led
to the discovery of topological insulators*® and introduced topology
into condensed-matter physics?’. Epitaxial integration of semicon-
ductor/superconductor heterostructures could enable phenomena
that require both materials families, such as the Majorana zero-modes
for braiding-based, topologically protected quantum computation!*8,
Moreover, the presence of spontaneous and piezoelectric polarization
induced by broken inversion symmetry in group III/nitride semicon-
ductor crystals* offers the possibility of Rashba-driven topological
insulators®. In more near-term applications, NbN,-based single-
photon detectors can now be epitaxially integrated with GaN HEMT
amplifiers for secure quantum communications. Finally, combining
GaN HEMT microwave amplifiers with NbN,-based Josephson junc-
tions can provide an all-epitaxial platform for superconducting qubits
whereby the most desirable properties of semiconductors and super-
conductors are combined epitaxially in a seamless braid.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

We describe here in detail the epitaxial growth and structural, magnetic and elec-
tronic characterization of the group III/nitride semiconductor heterostructures
and NbN, superconductors. We also describe the method of fabrication, as well
as measurements and characterization, of the epitaxial semiconductor transistor/
superconductor heterostructures and devices.

MBE growth. Epitaxial NbN, films were grown at 800 °C by radio-frequency
plasma-assisted MBE on three-inch-diameter, metal-polar semi-insulating 4H-
and 6H-SiC substrates. The substrates had been commercially polished using
chemical-mechanical polishing to an epi-ready finish, and were used as received.
The reactive nitrogen was generated using a radio-frequency plasma source fed by
ultrahigh-purity N, which was further purified by an in-line purifier. The Nb flux
was generated using an in situ electron-beam evaporator source with 3N5-pure
(excluding tantalum, Ta) Nb pellets in a tungsten hearth liner. Further details
regarding MBE growth conditions are in ref. 25.

Structural measurements. We measured the surface morphology of the MBE-
grown NbN films using a Bruker Dimension FastScan atomic force microscope
in tapping mode. The root-mean-square roughness of the 5-nm NbN, film on SiC
is 0.15nm in an area of 3 x 3pum?, and 0.56 nm for the 35-nm film (Extended Data
Fig. 2). We determined the lattice constants and phase of the NbN, films through
X-ray diffraction (XRD) measurements, using a Rigaku system that employs a
rotating copper anode to produce Cu-Ka radiation. Structural properties and
lattice parameters of NbN, on SiC are given in ref. 51. The measured XRD spectra
of the 5-nm and 35-nm films are shown in Extended Data Fig. 3: the peaks for
NDN, are seen in first- and second-order reflection of the SiC (0004) plane in the
relatively thick 35-nm sample, but the peaks are absent in the 5-nm sample because
of the weak XRD signal in such thin films.

Transport and magnetic measurements. All of our electrical transport, Hall-effect
and VSM measurements were carried out in a physical property measurement
system (PPMS) manufactured by Quantum Design Inc. Extended Data Table 1
summarizes the basic material parameters extracted from measurements on the
5-nm and 35-nm samples. Extended Data Fig. 6 shows that, at 300K, the carrier
density in these NbN, films is as high as 135~ 10?* cm 3, but the mobility is less
than 1cm? V-1s™1, probably limited by impurities, crystal defects and phonons.
In terms of the superconducting behaviour, critical temperatures extracted from
electrical resistance and VSM measurements are consistent with each other, but
vary slightly from sample to sample in the range 6-15K.

Characterization of the dependence of superconductivity on the in-plane mag-

netic field was limited by the 14 T field capabilities of our measurement system.
We anticipate that our ongoing low-temperature and high-magnetic-field (up to
35 T) measurements will provide deeper insights into the orbital/spin pair-breaking
mechanism and the presence of spin-orbit scattering.
Critical current density. Extended Data Fig. 6b, ¢ shows the measured J. in our
MBE-grown NbN, films. We carried out the measurements by injecting current
into the film and detecting the voltage drop when the injected current density
exceeded J.. The measured values are close to 10° A cm 2 for MBE-grown NbN,..
Pair-breaking mechanisms in epitaxial thin NbN; films. The in-plane critical
fields measured for the 5-nm NbN, epitaxial superconducting layers are much
higher than expected from the out-of-plane critical fields and the Tinkham
formula. Mechanisms that could lead to this phenomenon include a modified
electron g-factor®!, the presence of spin-orbit scattering™, and Rashba spin-orbit
coupling®.

If the mechanism were a modified electron g-factor, then given that the meas-
ured critical in-plane field is a factor of two larger than the Pauli limit, the epitaxial
NbN, would need an effective g-factor of less than 1, which we find unlikely:
because NbN, is a good metal, we suspect its effective g-factor to be close to 2
(ref. 53). Spin-orbit scattering is possible in the MBE-grown NbN, films owing to
the presence of trace amounts of Ta in the purest available Nb sources. However,
the dilute concentration of Ta that we have measured in our MBE NbN, suggests
that this scenario is unlikely.

Finally, the presence of Rashba spin-splitting owing to broken inversion sym-
metry of the samples has recently been suggested®? as a mechanism by which to
suppress the Pauli paramagnetic limit. Because our films are grown in an asym-
metric stack, we find this the most plausible explanation. Previous experimental
and theoretical work has suggested the importance of Rashba spin-orbit coupling
in identifying an anomalously large H ﬂz. However, our epitaxial NbN, provides a
platform for testing this idea directly, because of the ability to grow nominally
symmetric stacks in NbN,—a feat difficult in ultrathin lead films®?, but potentially
possible, if challenging, in two-dimensional materials.

Shubnikov-de Haas oscillations. Extended Data Fig. 7a shows the raw measured
Shubnikov-de Haas oscillations of the GaN/AIGaN 2DEG grown epitaxially on
NbN, layers. The oscillations become sharper as the temperature is lowered. We

used these Shubnikov-de Haas measurements, with a fit to the Lifshitz—Kosevich
form of the magnetoresistance, to extract carrier concentration, effective mass
and quantum-scattering times as discussed in the main text. The magnetore-
sistance data were uniformly resampled over an inverse magnetic field, and then
smoothed over a window of 0.00056 T~! before background subtraction. To
extract the effective mass and quantum-scattering times, we removed the non-
oscillating background component of the resistance and used the oscillatory com-
ponents (Extended Data Fig. 7a inset). A non-oscillatory background of the form
p(1/B)=a + b/B"? + ¢/B was subtracted from the R,, data before fitting to the
Lifshitz-Kosevich form.

Extended Data Fig. 7b shows a Landau plot of the Shubnikov-de Haas oscil-
lation peaks. The range of magnetic fields used in this measurement, 0-14 T,
allowed the Fermi level to fill 19-25 Landau levels at a fixed 2DEG density of
Mg~ 1.2 x 101 cm ™
Superconductor/semiconductor transistor devices. To fabricate the GaN HEMT
structure (Extended Data Fig. 4a inset), we first grew 28-nm NbN, on a 6H-SiC
substrate by MBE; this was followed by nucleation with 22 nm AIN, two-step
application of a 1.3-pm GaN bulffer layer, and then growth of 32-nm Aly 4Gag N
and 32-nm GaN channel at 700 °C. After the growth, ohmic contacts with
Ti/Al/Ni/Au (20/100/10/50 nm) stacks were defined by optical lithography and
electron-beam evaporation. Rapid thermal annealing at 850 °C produced ohmic
contacts with a contact resistance of 0.4 2 mm . Inductively coupled plasma etch-
ing with a Cl,/BCls/Ar gas was then used to isolate separate HEMTs. To reduce
the gate leakage current, we deposited a 10-nm-thick, high-K dielectric layer of
TiO, by atomic-layer deposition at 300 °C; this was followed by Pt/Au (30/200nm)
electron-beam evaporation to produce the gate metal stack. Finally, the TiO, on
top of the drain and source contacts were removed with fluorine-based plasma
etching, and a second metalization of Ti/Pt/Au (25/25/400 nm) was performed.

Using fabricated van der Pauw structures, we performed Hall-effect measure-
ments on the 2DEG at the GaN/Al 4Gag N interface. We determined the electron
concentration to be 1.3 x 10'*cm 2, with a mobility of 1,350 cm? V! s~ ! at room
temperature and 3,400cm* V! s ! at 2K, indicating that a high-quality 2DEG
channel is achieved in these heterostructures and, more importantly, that process-
ing did not lead to performance degradation.

A representative room-temperature electrical characterization of the fabricated
GaN HEMTs on NbN, is shown in Extended Data Fig. 4. For a gate length of
Lg=1pm and gate width of W= 75um, the transistors show an Io,/Iof ratio of
more than 10° (Extended Data Fig. 4a). The on-current density exceeds 1 A mm ™"
at Vg=3 Vand Vy=—1V, with a clear current saturation (Extended Data Fig. 4b).
Opverall, the properties of the transistors studied here are similar to those of GaN
HEMTs that are grown directly on SiC without the NbN, layer underneath?. This
is, to our knowledge, the first successful direct epitaxial integration of a high-
performance semiconductor transistor on a superconductor.

Extended Data Fig. 5 shows the measured drain currents without the super-
conductor load (Js; solid lines) and with the superconductor load (J4y; circles) at
5K (less than T;) under two different drain voltages in a linear scale. We can see
that, when Vg, and Vg are 0.1V, the drain currents as a function of gate voltage
are identical, because the NbN, remains superconducting with a resistance of 0 (2
throughout this gate-voltage range. However, when Vg and Vg are 1.1V, the J4
versus Vg curve deviates from the Jy versus Vi, curve once Jg exceeds 0.1 Amm~L
This indicates the occurrence of a superconductor-to-metal phase transition of the
NbN; film at the source end driven by this current (power) level.
Determination of N/Nb ratio (x) by SIMS. Extended Data Fig. 8 shows a SIMS
measurement of the entire HEMT epitaxial heterostructure. Sharp and abrupt tran-
sitions of the SiC/superconductor, superconductor/AIN, AIN/GaN and AlGaN/
GaN heterointerfaces are observed. The SIMS profile provides a calibrated meas-
urement of the stoichiometry of each layer of the heterostructure. The semicon-
ducting AIN, GaN and AlGaN layers are perfectly stoichimetric within the limits
of the measurement, and the NbN, layer has an N/Nb ratio (x) of 43.3/56.7 = 0.762.
Extended Data Table 2 shows additional N/Nb ratios measured by Rutherford
back scattering (RBS) and SIMS, as well as the relation between N/Nb ratios, the
residual resistance ratio (RRR) and the superconducting transition temperature.
Data availability. The datasets generated and analysed here are available from the
corresponding author on reasonable request.

51. Nepal, N. et al. Characterization of molecular beam epitaxy grown 3-Nb2N films
and AIN/B-NbzN heterojunctions on 6H-SiC substrates. Appl. Phys. Exp. 9,
021003 (2016).

52. Werthamer, N., Helfand, E. & Hohenberg, P. Temperature and purity
dependence of the superconducting critical field Hco. Ill. Electron spin and
spin-orbit effects. Phys. Rev. 147, 295 (1966).

53. MacDonald, A. Transition-metal g factor trends. J. Phys. F 12, 2579 (1982).
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Twin boundary

Extended Data Figure 1 | STEM of a large-area, MBE-grown AIN/NbN,/  MBE NbN, layer. This STEM image of NbN,/AIN on top of SiC shows a
SiC heterostructure. a, STEM image of NbN,/AIN grown on top of a SiC grain boundary with two cubic NbN, phases rotated across each other. The
substrate, showing the single-crystal nature of NbN, over a large region. red and blue lines have been added to draw out the stacking fault seen near
The red lines have been added as a guide to show the crystallinity across the twin boundary.

the entire range measured. b, A twin boundary and a stacking fault in the

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 2 | AFM characterizations of thin films. a, b, AFM images of epitaxial NbN; films that are 5-nm thick (a) and 35-nm thick (b),
over areas of 1 x 1 um?and 3 x 3 pm?2 RMS, root mean squared.
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Extended Data Figure 3 | Symmetrical 20/w XRD curves of 5-nm

and 35-nm NbN, on 4H-SiC. 20 is the angle between the incident and
diffracted beams, and w is the angle between the incident beam and the
sample surface. a, The 5-nm sample. b, The 35-nm sample. There is a clear
separation between the SiC and cubic NbN (first- and second-order) peaks
in the 35-nm sample. But this feature is absent in the 5-nm sample, owing
to the weak XDR signal intensity in such an ultrathin film.
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Extended Data Figure 4 | Electrical characterizations of HEMT (blue curve). b, J versus Vg, curves for various top-gate voltages (from
structures. a, Drain current (Jg) versus top-gate voltage (V) transfer bottom curve to top, =3V, =4V, =5V, =6V, —=6.5 V) of GaN HEMTs

curves at 300 K for HEMTs grown on NbN,/SiC substrate, showing a high ~ at 300K.
on/off ratio at source—drain voltages (V) of 0.1 V (red curve) and 3 V

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



ARTICLE

0.5 T T T T
@5k A

04

Jy (A/mm)

02

0.1

Vgs or Vgs, V)

Extended Data Figure 5 | Representative transfer curves of a HEMT
structure with superconducting load. The graph plots Jg versus Vi,
(without superconductor load) and V¢ (with superconductor load) at 5K,
showing the phase transition of NbN, that occurs when Jj is larger than
0.1Amm™.
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shows that the red dots correspond to the left-hand y axis; the blue squares
correspond to the right-hand y axis. b, ¢, Critical current density as a
function of temperature for 5-nm and 35-nm NbN; films.

Extended Data Figure 6 | Electrical characterizations of superconducting
NbN, films. a, Summary of carrier density and mobility for different
thicknesses of NbN, films, ranging from 4 nm to 100 nm. The red arrow
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Extended Data Figure 7 | Shubnikov-de Haas oscillations of 2DEG.

a, Magnetoresistance (Ry,) plotted against inverse magnetic field (1/B)
before background subtraction, taken over the magnetic-field range of
10 T to 14 T. The oscillations occur at periods of 1/B—a clear indication
of sharp peaks in the 2DEG density of states owing to Landau levels. The
upward black arrow indicates increasing temperatures. The inset shows

0
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the 2.2 K data (light blue) with background (blue); the non-oscillating
background was removed before evaluation of carrier concentration,
effective mass, and scattering time. b, Landau plot of magnetoresistance
relative minima plotted against inverse magnetic field. The slope of the
line is ?wngan/2m*; the density and effective mass are taken from the
Lifshitz—Kosevich fit to magnetoresistance oscillations.
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Extended Data Figure 8 | SIMS results obtained on the SiC/NbN,/ which are respectively 43.3% and 56.7%, indicating a N/Nb ratio (x) of
AIN/GaN/AlGaN/GaN heterostructure. The left-hand y axis shows the 0.762 in linear (a) and log (b) scale of signal intensity. The x axis denotes
secondary-ion intensity (counts per second) of Al and Ga atoms. The the depth of the sample from the top surface.

right-hand y axis indicates the atomic percentages of N and Nb atoms,
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Extended Data Table 1 | Characteristic quantities in the normal state and superconducting state for thick and thin epitaxial
NbN; films on 4H-SiC at 15K

Qauntity Symbol Units Thin Film  Thick Film

Film thicknness d nm D 35

Sheet resistance Rsn Q 107.9 9.8
Carrier concentration N3q 102 cm= 214 2.29
Hall effect mobility U cm?/Vs 0.54 0.93
Mean free path Ivep A 6.6 11.6
Tc (Resistance) T. K 6.41 9.26
Tc (Magnetometry) T. K 6.23 9.36
Coherence length ¢ nm 10.56 10.06
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Extended Data Table 2 | Epitaxial NbN, film properties

Sample Thickness (nm) RRR T (K) N/NDb ratio (x) Notes
A 5 1.50 6.41 0.877 (RBS) NbN, on SiC
B 35 1.86 9.26 0.751 (RBS) NbN_on SiC
& 5 158 o 0.762 (SIMS) GaN/AIGaN/G;I;/AIN/NbNX
on Si

Film thickness, residual resistance ratio (RRR), superconducting critical temperature (T.) and N/Nb ratio (x) are given for the samples discussed here. The film thickness was determined by RBS
and TEM. RRR is defined as the ratios of the normal-state resistance at 300K and at 20K. T, is identified as the midpoint of the superconducting transition. The N/Nb ratio x was measured by either

RBS or SIMS.
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