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Abstract 
Over the past few decades, bulk niobium (Nb) has been 

the material of choice for superconducting radio frequency 
(SRF) cavities used in particle accelerators to achieve 
higher accelerating gradients and lower RF losses. Multi-
layer (SIS) structures consisting of alternating thin layers 
of superconductor(S) and insulator(I) deposited on a bulk 
Nb have been proposed to enhance the sustained peak sur-
face magnetic field and produce a higher accelerating gra-
dient. In this study, multilayers based NbTiN and AlN de-
posited on bulk Nb are used to test the proposed enhance-
ment using the DC magnetic Hall probe technique. The 
technique detects a penetrating magnetic field through the 
multilayer sample as it is placed under an external mag-
netic field produced by a magnetic coil. This work reports 
the characterization and measurements of the magnetic 
field of full flux penetration through single layers of 
NbTiN and bilayers of NbTiN/AlN on bulk Nb.  

INTRODUCTION 
Niobium (Nb) radio frequency cavities are widely used 

to accelerate a charged particle beam in particle accelera-
tors. The performance of bulk Nb SRF cavities has signif-
icantly improved over the last decade and is approaching 
the peak magnetic field at the equatorial cavity surface 
close to the niobium dc superheating field 𝐻𝑠 ≈ 240 mT 
which gives the maximum accelerating field gradient to 
about 52 MV/m at 2 K for 1.3 GHz single cell cavities [1]. 
Since the best Nb cavities are already close to the funda-
mental limit of the material, new SRF materials with higher 
superheating magnetic fields than Nb are needed to reach 
accelerating gradients ∼ 100 MV/m at 2 K or ∼ 50 MV/m 
at 4.2 K.  

The concept of multilayer structures comprised of alter-
nating layers of superconductors and insulators fabricated 
on bulk Nb (Fig. 1) has been introduced as a feasible solu-
tion to overcome intrinsic material imitation in [2]. The 
type-II superconductor candidates with Tc > Tc (Nb) and 
Bsh > Bsh (Nb) such as Nb3Sn [3], NbN [4], NbTiN [5], 
MgB2 [6] and some Fe-based superconductors could po-
tentially enhance the surface field at onset of vortex pene-
tration, Bp above Bc1 of Nb. The enhancement is achieved 
by depositing S layer films with thickness below its pene-

tration depth, λ to screen the bulk Nb from external mag-
netic field. Bc1 of a thin film with thickness, d<< λ, is given 
by 

𝐵௖ଵ ൌ
ଶథ೚
గௗమ

ቂ𝑙𝑛
ௗ

క
െ 0.07ቃ,                    (1) 

where 𝜙௢ is the flux quantum and ξ is the coherence length 
[7]. Eq. (1) shows that Bc1 is greatly increased in the over-
lying superconducting layers. If a vortex penetrates at a de-
fect in the first S layer, it can propagate into the next S layer 
and further in the bulk Nb triggering a thermomagnetic av-
alanche.  An insulator layer between two superconductors 
provides a strong barrier for propagation of vortex to the 
bulk of the Nb cavity [7]. Materials such as MgO, Al2O3 
and AlN are suitable candidates for I layers. 

In this work, NbTiN and AlN based multilayers depos-
ited on bulk Nb were studied for SRF accelerating cavity 
applications.  

 
Figure 1: Superconductor (S)- Insulator (I)- Superconduc-
tor (S) multilayers to enhance the peak surface magnetic 
field of niobium RF cavities.  

NbTiN is a suitable S layer material for SIS structures 
which is a B1-compound with a critical temperature of 17.8 
K. It has a NaCl structure where Ti and Nb form a face 
centred cubic (fcc) lattice and N atoms occupy all the octa-
hedral interstices. NbTiN adheres well with the substrate. 
AlN is the chosen insulator that can be grown with a wurtz-
ite hexagonal close-packed or sphalerite B1 cubic struc-
tures. The deposition method was optimized to deposit the 
superconductor and insulator layers on bulk substates and 
on top of each other maintaining the quality and properties 
of each layer and of the base substrate [8, 9]. In this work, 
the focus is on the magnetic field penetration measure-
ments on NbTiN monolayers (SS’ structure) and 
NbTiN/AlN multilayers (SIS’ structure) on bulk Nb. 
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THIN FILM DEPOSITION 
NbTiN and AlN thin layers are deposited on bulk Nb us-

ing reactive Direct Current Magnetron Sputtering (re-
DCMS) in an Ultra-High Vacuum (UHV) system with a 
base pressure of 10-10 Torr. The Nb substrates are prepared 
by buffered chemical polishing (BCP) removing 5um from 
the surface.  Multiple Nb substrates with 2-inch diameter 
and 250 μm thickness were used as substrates along with 
witness samples that are used to probe the films’ quality 
and their properties. The films were deposited in a same 
run to ensure the identical environmental conditions. The 
films were deposited at 450 °C on bulk Nb after a 24 hour-
bake at 600 ℃, then post-annealed at 450 °C for 4 hours. 

 

 
Figure 2: XRD scans for (a) NbTiN (83.5 nm)/AlN (3.7 
nm) (b) NbTiN (83nm)/AlN(14 nm) (c) NbTiN (166 
nm)/AlN (11 nm) (d) NbTiN (74.5 nm) (e) NbTiN (149 
nm) on bulk niobium substrates.  

Even though bulk-like properties can be achieved at the 
deposition temperature of 600 oC both for NbTiN, highest 
Tc and AlN, more pronounced dielectric properties, the 
successive deposition of these layers on top of each other 
requires the temperature to be reduced to 450 oC to limit Al 
diffusion into Nb and NbTiN which results in amorphous 
structures and diffuse interfaces [8, 9]. 

Table 1 describes the thicknesses measured using wit-
ness samples and NbTiN transition temperatures extracted 
from resistivity measurements (Figure 3) on deposited thin 
films. 

Table 1: Thicknesses of NbTiN and AlN Layers and 
Transition Temperatures  

 
 
Sample # 

Thickness  
(nm) 

Tc  
(K) 

ΔT 
 (K) 

NbTiN AlN 
1 83.5 3.7 14.5 1.47 
2 83.0 14.0 14.4 1.49 
3 166.0 11.0 15.7 0.79 
4 75.4 0 16.2 0.40 
5 149.0 0 16.3 0.30 

 
The crystallographic structures of deposited thin films 
were examined by X-ray diffraction (XRD) analysis from 
a Rigaku Miniflex II X-ray diffractometer. NbTiN crystal 
structure mostly contains 111, 200 and 220 crystal orienta-
tions (Fig. 2).  

The resistances of the films were measured from 4.5 to 

300 K using standard four-point probe method. The re-

sistance decreased as the temperature is lowered. As shown 
in Fig. 3, a sharp resistance decrease observed for mono-
layer NbTiN on bulk Nb around 16.2 K (red and purple 
curves). NbTiN/AlN films on bulk Nb show two transitions 
around 15 K (NbTiN transition) and 9.2 K (Nb transition).  

 

Figure 3: DC resistance as a function of temperature for 
monolayer NbTiN on bulk Nb, exhibits sharp supercon-
ducting transition around 16.2 K and NbTiN/AlN structure 
on bulk Nb exhibits two transitions one at 9.2 K and other 
around 15 K.  

Electron backscatter diffraction (EBSD) indicates multi 
crystal nature of the deposited film on bulk Nb (Fig. 4). 
Monolayer NbTiN on Nb shows a higher quality crystal 
structure compared to NbTiN/AlN on Nb.  
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Figure 4: SEM images and relevant Inverse Pole Figure 
(IPF) map from EBSD showing the poly-crystallinity of 
films for (a) NbTiN/AlN and (b) monolayer NbTiN struc-
ture coated on BCP bulk niobium. The IPF map is filtered 
for confidence index above 0.1. 

DC MAGNETIC FIELD PENETRATION 
MEASUREMENTS 

DC magnetometers have been commonly used for plan-
ner sample characterization. In some other techniques like 
SQUID, the magnetic signal is affected by demagnetiza-
tion effect of flat samples immersed in a homogeneous DC 
field. In order to overcome this issue, a dc magnetic Hall 
probe technique has been developed to perform the meas-
urement emulating the magnetic field configuration at the 
equator of SRF cavities [10].  

 

Figure 5: Basic experimental setup of dc magnetic Hall 
probe technique with magnetic field profile in the Meissner 
state which emulates the magnetic field configuration at 
the equator of accelerating cavity. HP1, HP2 and HP3 are 
Hall probes which are mounted at the center, 4.4 mm and 
10.0 mm respectively along the sample radius. 

As shown in Fig. 5, the magnetic field is applied with a 
multiturn coil which size is much smaller than the sample 
size. In this case the radial field decays rapidly away from 
the coil, the sample can be considered as an infinite plane.  

In this technique, the magnetic field is applied to one 
side of the sample and three Hall probes mounted on the 

other side at the sample centre, 4.4 mm and 10.0 mm from 
the centre, detect magnetic fields penetrating through the 
sample. 

 

 
Figure 6: Full flux penetration detected by the centre Hall 
probe through the layered niobium comparing with the 
bare niobium substrate at 4.35 K. 

 

 
Figure 7: Full flux penetration detected by the center Hall 
probe through layered niobium comparing with the bare ni-
obium substrate at 2.00 K. 

Figures 6 and 7 show the penetrating magnetic fields de-
tected by the centre Hall probe as functions of the surface 
field at 4.35 and 2.00 K, respectively. In the Meissner state 
current loops induced at the surface of the superconductor 
produce the magnetic field which cancels the applied field 
and does not let it penetrate through the sample. Above a 
certain applied magnetic field B>Bp the magnetic flux pen-
etrates through the sample and the Hall probes detect the 
magnetic field on the other side of the sample. The field of 
full flux penetration Bp is a useful characteristic of the 
shielding effect of multilayer structure coated on bulk Nb 
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as it shows the enhancement of Bp of multi-layered samples 
relative to Bp of bulk Nb. 

Results of field penetration measurements shown in 
Figs. 6 and 7 indicate that the field of full flux penetration 
is higher for both NbTiN monolayer and NbTiN/AlN mul-
tilayer on bulk Nb as compared to bare Nb. The percentage 
increase of the magnetic field at the full flux penetration of 
each layered samples at 4.35 K and 2.00 K is listed in table 
2. The maximum shielding effect was observed on the 
NbTiN on Nb, SS structure. Further studies of the field en-
hancement of NbTiN multilayers are planned in future 
work.  

Table 2: Percentage Increase of Field at First Penetration 
of Layered Nb Compared to Bare Nb 

Sample # 
 

Percentage increase % 
At 4.35 K At 2.00 K 

1 7.5 10.3 
2 8.9 12.9 
3 19.6 24.3 
4 16.1 22.9 
5 21.4 27.1 

CONCLUSION 
NbTiN based SS and SIS structures have been grown on 

BCP bulk Nb. The film quality depends strongly on the 
presence of an AlN layer. The prepared SS’ and SIS’ sam-
ples were used to investigate the shielding effect of layered 
Nb to characterize them for SRF cavity applications. We 
observed that the magnetic shielding depends on the layer 
thickness and the quality of the samples. The maximum in-
crease of field at full flux penetration of 21.4 % at 4.35 K 
and 27.1 % at 2 K compared to bulk Nb was achieved in 
this study.   
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