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Abstract: We demonstrate epitaxially integrated nanoscale superconductor tunnel diodes,
realized using NbN on GaN thin films. Tuning the growth conditions leads to reduced interface
defect density and to the emergence of the superconducting coherence peaks in the interface
tunneling characteristics. The degree of disorder in the superconductor is correlated with the
variance in the order parameter value of different domains. Epitaxial integration of the nanoscale
layers allowed precise control on the quality of the superconductor at the interface, and, by
extension, the variance in the order parameter value. The numerical calculations taking a normal
distribution of superconducting order parameter at the interface with a fixed variance in its
order parameter values closely match the measured interface transport characteristics at different
temperatures. Strong sub-gap nonlinearity observed in the differential conductivity measurements
were subsequently shown to be sensitive to photon incidence, thereby acting as a photodetector.
Usage of superconducting interfaces with semiconducting layers such as GaN permit sensitivity
tunability and enable large scale device fabrication and integration.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Superconductor tunnel junctions (STJ) have superconducting interfaces with normal materials
such as metals [1], insulators such as oxides [2] and semiconductors [3] having multiple
applications [4,5,6]. The density of states (DOS) in a superconductor is discontinuous with
a gap surrounding the Fermi level [7]. This leads to strong non-linearity in the interface
conductivity with a normal material, which is used in electronic signal mixing [6] and wide
band sensitive photon/particle detection [5]. Semiconductor based STJs are uniquely suited
for applications such as solid-state realization of Majorana fermions [8], superconducting light
emitting diodes [9], super-Schottky diode [6], and single photon detection [10]. In addition to
sensitive photo detection, STJ also provides 30-fold higher energy resolution than conventional
semiconductor-based photodiodes [11]. The number of excess carriers generated in the detector
per incident photon varies inversely with the energy gap of detector [12]. A single high energy
photon/particle incident on a superconducting detector (conventional, low transition temperature)
with a DOS gap of a few meV generate a high density of carriers due to cascading effect,
effectively leading to better energy resolution than conventional semiconductor based detectors
[5,13]. STJs using semiconductors as the normal material can provide additional capabilities.
The semiconductor conductivity can be controlled with dopant density thereby modulating
the Schottky barrier and the interface conductivity [7]. In addition, the availability of large
area high quality semiconducting substrates is a significant advantage for batch fabrication of
device arrays for applications such as photon detector arrays and cameras [11]. However, direct
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deposition of superconducting thin films on semiconductors are prone to introduction of disorder,
contamination and elemental diffusion from the underlying layers leading to degradation of the
superconducting properties [6]. Hence, controllable growth of high-quality superconducting
films on conventional semiconductors are critical to realize large scale fabrication of STJ for
above mentioned applications [14]. Such steps can bring these scientific novelties closer to
commercial applications.
Practical difficulties in realization of STJ using semiconductors lies in controlling surface

defect densities on the semiconductor and the disorder introduced in the superconductor during
the growth process [15]. Importance of surface electronic states at and near the interface is
well recognized and its influence on the Schottky barrier and interface conductivity extensively
researched [16]. InAs has been used to interface with superconductors such as Nb, which is the
elemental superconductor with highest transition temperature, due to the ability to form very
low/non-existent Schottky barrier [17]. In addition to the Schottky barrier, presence of unsaturated
dangling bonds, oxides and contaminants dominate charge distribution at the surface strongly
affecting the contact resistance. Surface defects, crystallinity of the underlying semiconducting
layer and lattice mismatch with the subsequently deposited superconductor strongly determines
the disorder in the latter [14]. Disorder in the superconductor lowers the transition temperature
and affects the macroscopic order parameter, thereby affecting critical current and magnetic field
properties [18]. In addition, disorder also affects the interface conductivity/transparency of the
STJ which strongly influences the device characteristics [19,20]. Thus, for practical realization
of STJ on semiconductors, in addition to controlling the semiconductor conductivity via doping,
it is essential to control semiconductor surface defect density, material crystallinity, as well as
disorder in the superconducting thin films.

Here, we demonstrate an epitaxially integrated semiconductor-superconductor tunnel junction.
Epitaxial growth of the superconductor on top of the semiconductor enables atomically controlled
contact between the two with reduced interface defect density [14]. Sequential deposition of the
materials without breaking vacuum also significantly reduces contamination and the formation
of oxides, which strongly affects interface conductivity. We further show that temperature
control during the superconductor growth phase enables the tunability of the superconductor-
semiconductor interface defect density. This combined with proper control of the semiconductor
conductivity (via dopant density) allows the precise tailoring of the characteristic conductivity
curve for the needs of a particular application. In this report, crystalline NbN thin films are
grown epitaxially on GaN films forming pristine semiconductor superconductor junctions. These
junctions exhibit a strong non-linearity in the sub-superconducting gap differential conductance.
This feature is used here to demonstrate photodetection capabilities with the possibility of photon
energy resolution. Additional applications for these devices include sensitive sub-millimeter
photon detector in radio astronomy, super-Schottky diode in microwave engineering and video
mixing [6].
The GaN and NbN films were deposited in a molecular beam epitaxial system sequentially

without breaking vacuum to oxide and contamination free interfaces. The complete stack
information is given in Fig. 1(a). First a thick layer (2000nm) of GaN film was grown on top of
Sapphire substrates using an AlN transition layer using vapor phase epitaxy technique. A heavily
n-doped – to the point of degeneracy (∼ 1x 1019 cm3 Si dopants) 200 nm GaN layer was grown on
top of the previously grown GaN layer using molecular-beam epitaxy (MBE). The epitaxial NbNx
films were finally grown at 950°C (S1) & 500°C (S2) using a RF plasma assisted MBE system
on top of doped GaN thin film. Further details of the NbN growth is provided elsewhere [14].
The crystalline quality of the epitaxially grown films were characterized using X-ray diffraction
studies. The result for two different samples used in this work is shown in Fig. 1(b), where peaks
corresponding to crystalline GaN [0002] orientation and NbN with [111] orientation can be
observed. A root-mean-square surface roughness of less than 1.5 nm, as shown in the inset of
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Fig. 1(b), was obtained which was useful for further microfabrication steps. Superconducting
properties of the two NbN thin films were characterized using a four-probe resistance measure
conducted in a liquid-helium pumped closed-cycle cryostat. A sharp superconducting resistive
transition is observed at 13K for S1 and at 15K for S2, close to typically reported values on RF
sputtered thin films [21].

Fig. 1. a) Stack information. b) Symmetric XRD plot showing crystalline GaN and NbN
thin films. Surfaces of both the samples were smooth with a roughness of about 1.2 nm. c)
Transmission length measurement for contact resistance and sheet resistance extraction at
3K.

Devices based on STJ between the NbN superconductor and the GaN thin films were formed
using standard optical lithographic techniques. The NbN films were etched using a reactive
dry etch using SiCl4 plasma. At 40 mTorr pressure and RF power of 150W, the etch rate was
found to to be 8–10 nm/min and superconducting pads separated by semiconducting channels
with varying lengths were formed. Transmission line measurements (TLM) were conducted on
such structures to extract contact resistance of the metallic NbN with the heavily doped N-GaN
layer. The results are shown in Fig. 1(c). The calculated sheet resistance of the GaN channel and
the contact resistance are also shown. The high n-doping of the topmost GaN layer leads to the
observed low sheet resistance. An ohmic contact with low contact resistance is obtained mainly
due to the degenerate doping of the GaN layers [22]. This was crucial for realization of usable
tunneling transport across the superconductor-semiconductor junctions.

The differential conductance spectra of the junctions were measured from two NbN pads with
separations ranging from 2 µm to 20 µm using a lock-in technique. Therefore, the tunneling
spectra voltage scale is nearly twice that of a single junction, and the extracted superconducting
gap is close to half of the spectral dip in the plots. The lock-in amplifier with a transimpedance
amplifier was used in conjunction with a digital multimeter in a four-probe configuration to
obtain the conductance measurements. The schematics of the measurement setup is shown in
the inset of Fig. 2(a). The differential conductivity extracted from the measurement at various
temperatures is shown in Fig. 2(a). The measured conductance of the first sample (termed as S1)
at each temperature was normalized by the normal state conductance measured at 16K (above the
transition temperature of the NbN film). A dip in the normalized conductivity is observed when
the bias voltage is below the superconducting order parameter of NbN. This directly follows
the shape of the superconducting DOS, where an energy gap corresponding to the temperature
dependent order parameter exists. A strongly non-linear sub-gap conductance is observed which
is characteristic of superconductor-normal material interface conductance [6].
The differential conductivity follows the DOS of the superconductor [7] and as previously

mentioned, should have peaks (coherent peaks) when the voltage bias is close to the twice
the order parameter values (for two junctions in series). It can be noted that the conductivity
measurement presented in Fig. 2(a) does not show coherence peaks in the conductance. Disorder
in the superconductor affects the long-range coherence of the Bardeen-Copper-Schrieffer (BCS)
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Fig. 2. a) Normalized tunneling conductance of sample S1 at various temperatures showing
a dip in the conductivity sub superconducting gap. Inset shows the measurement schematics.
b) Normalized tunneling conductance of sample S2 with improved interface due to lower
growth temperature showing the emergence of coherence peaks. In both the figures, black
arrows are indicative of the superconducting gap energies where peaks in conductivity are
typically observed.

condensate leading to suppression of the coherent peaks [23,24,25]. Direct deposition of
superconductors on normal materials using conventional techniques such as sputtering and
evaporation are prone to problems involving surface oxides and contamination leading to
uncontrolled interface conductivity. Epitaxial growth enables oxide free integration of materials
with excellent crystalline quality [26]. However, even in epitaxial films small degree of disorder
is typically introduced due to atomic diffusion from the underlying layers [27], lattice mismatch
[28] and thermal expansion mismatch between the two layers. Reducing the growth temperature
of the superconducting film drastically reduces atomic diffusion rates and lattice expansion
effects. Keeping the other growth parameters, the same, NbN thin films (termed as S2) were
grown at a reduced temperature (500 °C in comparison with the previously mentioned 950 °C).
The material quality was monitored using XRD which is shown in Fig. 2(b). The NbN film did
not show any significant degradation in the quality as can be seen by the crystalline NbN peaks
in the XRD. However, the most important observation came from the superconducting transition
measurements and differential conductivity studies. The transition temperature of sample S2 is
higher than S1 by about 2K and the emergence of coherence peaks and its variation at various
temperatures can be clearly seen in the differential conductivity plots as marked by arrow marks
in Figs. 2(a)and 2(b). Observation of such behavior clearly displays the effect of changing the
growth condition on the quality of the NbN film.
We now proceed to model the superconductor-semiconductor interface measurements con-

ducted on the two samples to elucidate the effect of interface disorder on transport characteristics.
The density of states in the Bardeen-Schieffer-Cooper (BCS) model of superconductor (ρs) is
given as

ρS(E) =


0, E<∆

ρ0

(
E√

E2−δ2

)
, otherwise

(1)

where, ρ0 is the density of states of the metal at normal state, E is the energy of the particle and
∆ is the superconducting order parameter [29]. The current across the interface with a normal
material with density of states ρN can then be modelled by using [19]

I = A ∫ ρN(E)ρS(E + eV)(F(E) − F(E + eV))dE (2)
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where, V is the applied voltage bias, F is the Fermi Dirac distribution and A is the interface area.
The differential conductivity dI/dV can be shown to follow ρs when the density of states of the
normal material is taken to be almost constant and the Fermi function to be slowing varying around
E. Hence in the ideal case, the differential conductivity should have peaks (coherence peaks)
at bias voltages close to the order parameter values (∆). However, practical superconductors,
especially thin film materials grown on heterogeneous substrates, typically have disorder [18,25].
Inhomogeneities in the effective interaction between the electrons in the superconductor causes
spatial variations in the order-parameter [29]. This leads the superconductor, close to the interface,
to have a distribution of order parameter with a spread depending on the degree of disorder. This
spread in the order parameter across the superconducting domains reduces the coherence peaks
also resulting in increased sub-gap conductance. Numerous experiments with disordered samples
have previously been shown to have reduced coherence peaks with varying degrees of increased
sub-gap conductance [30].
The averaged DOS in a sample with randomly distributed disorder can be written as [29]

ρ(E) = ∫∞0 ρ(E, δ) ∗W
(
∆1,

〈
∆
2
1
〉)

d∆ (3)

where, W is the distribution function of the order parameter (∆). Following the original report
[29], the ∆ was taken to be normally distributed about a mean value of <∆> and the distribution
is described as

W(∆) =
1√

2π
〈
∆21

〉 ∗ exp

(
−
∆21

2
〈
∆21

〉 )
; ∆1 = ∆ − 〈∆〉 , 〈∆〉 = mean(∆) (4)

Combining the model of averaged DOS with the previously mentioned phenomenological
model for interface transport allowed us to accurately model the measured differential conductance
of our samples.
The model allows to extract a quantitative value for the deviation in the order parameter

between the various superconducting domains, which strongly relates to the degree of disorder
in the superconducting material. Additional thermal smearing and finite quasi-particle lifetime
effects were introduced via the Dynes parameter (γ) [31]. The numerical calculations to the
measured conductivity are given in Figs. 3(a) and 3(b).

Fig. 3. a) Calculated conductance of sample S1 showing significantly reduced coherence
peaks. b) Conductance of sample S2 demonstrating emergence of coherence peaks. The
corresponding mean and variance in the superconducting order parameter values are also
provided.

Reduction in the disorder at the interface of NbN-GaN by changing the deposition conditions
resulted in the emergence of a prominent coherence peak as can be noted in Figs. 3(a) and 3(b).
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The calculated spread in and the averaged order parameter value for each of the samples are also
shown. The superconducting order parameter varies with the transition temperature [7] and the
ratio of the calculated effective order parameter value of the two samples match closely with
the ratio of transition temperatures [7]. The spread (variance) in the order parameter value (in
Figs. 3(a) and 3(b)), which is a qualitative measure of the disorder in the sample, was found to be
negligibly small for S2 and three orders higher for S1. This model and measurements clearly prove
that tuning growth conditions can bring significant improvements in the interface disorder, which
includes the emergence of coherence peaks in the superconductor tunneling characteristics.
Small superconducting energy gap, and strong sub-gap non-linearity (Figs. 3(a) and 3(b))

find applications in photon detection. An incident photon breaks a Cooper-pair to create a pair
of excited quasi-particles. Since the gap in the superconductor is typically a few meV, and a
photon energy is about 2-3 orders higher, excited quasiparticles create a cascade of quasi-particle
excitation events. In addition to creation of an effective density of quasi-particles, a portion of the
incident photon energy is also lost to the phonon subsystem. Numerical calculations including all
the loss processes have been conducted to extract the proportion of photon energy that effectively
contribute to excitation of particles. In NbN, the number of quasi-particles per incident photon
of energy Eγ were reported to follow the following expression [13]

〈N〉 =
Eγ
1.7 δ

(5)

where Eγ is the energy of the incident photon. Photocurrent density due to incident light intensity
Φ (Wcm−2) is given by J = ηeφ

Eγ

(
Eγ

1.7δ

)
, where η is the quantum efficiency and e is the electronic

charge. The responsivity of the photodetector RI (A/W), defined as the excess current density in
the detector due to unit intensity of the laser incidence. From the enhanced interface conductivity
(∆σI) at the bias point due to a light source power densityΦ (Wcm−2), RI can be expressed as

RI =
ηe
1.7δ

(6)

The STJ was irradiated with 80MHz, 5 ps pulsed laser at 800 nm to avoid spurious heating effects
from the incident light as shown in Fig. 4. The laser was focussed onto the NbN pad to a spot size
of ∼ 5 µm. The spot was also chosen far away from the interface to avoid spurious interactions
with the GaN layers below. The photo induced conductivity under different incident photon
densities was measured at 3K. The resulting plot is shown in Fig. 5(a). While the conductivity
sub-gap showed strong laser power dependence (shown by dotted lines) as expected due to
the gapped DOS of the superconductor, at bias voltage above the superconducting gap photon
incidence does not affect the conductivity due to the excess background quasiparticle conduction.
Since, the extinction length of the incident laser in the NbN thin film is estimated to be ∼23 nm
[32], smaller than the film thickness, the photon interaction is limited to the superconductor alone.
This is also evident in vanishing photo-response when biased above the superconducting gap,
shown in Fig. 5(a) with a dash-dot line.
The relation between the averaged incident photon density and the change in conductivity

is plotted in Fig. 5(b) showing a clear linear dependence. The linear dependence gives an
experimental responsivity (RI) of 0.24 A/W with a dark current of 2 nA, which compares well
with the current state of the art avalanche photo diodes [33]. The quantum efficiency of our
bare bone device could be further improved by using absorption layers and surface treatments to
improve device performance. The detection sensitivity could be in principle enhanced to single
photon regime by measuring current using a charge sensitive pre-amplifier [34].
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Fig. 4. Schematic representation of the setup for optical measurements. Pulsed laser
operating at 80MHz was used to avoid spurious heating effects and an optical chopper set
up was used to modulate the external signal for lock-in detection.

Fig. 5. a) Differential conductivity vs laser power at various bias voltages showing the
influence of photon incidence. Dotted line show the superconductor gap edges and the red
dash-dot line shows the vanishing photo current at bias voltages above the gap b) Linear fit
to the change in the differential conductance at Vbias = 0V following Eq. (5).

2. Conclusion

In summary, we show epitaxial integration of superconductors with semiconductors for tunnel
diode applications. Using such a precise technique, we demonstrate control on the interface defect
density leading to the emergence of coherence peaks in the interface tunneling conductance.
A qualitative model for the interface disorder was used to incorporate a variance in the
superconducting order parameter at the interface. The extent of this variance was then shown
to explain the emergence of coherence peaks as the disorder was decreased. The strong sub-
superconducting gap nonlinearity in the interface conductance is shown to demonstrate photon
detection capabilities. Demonstration of the capability to epitaxially integrate superconductors
on semiconductors not only permit tunable device behavior but also paves the way for large-scale
commercial deployment of such devices.
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