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Abstract 
Niobium is the standard material for superconducting RF 

(SRF) cavities for particle acceleration. Superconducting 
materials with higher critical temperature and higher criti-
cal magnetic field allow cavities to work at higher operat-
ing temperatures and higher accelerating fields, respec-
tively. Enhancing the surface properties of the supercon-
ducting material in the range of the penetration depth is 
also beneficial. One direction of search for new materials 
with better properties is the modification of bulk niobium 
by nitrogen doping. In the Nb-N phase diagram, the cubic 
δ-phase of NbN has the highest critical temperature. Nio-
bium samples were annealed and N-doped in the high-tem-
perature furnace at TU Darmstadt and investigated at its 
Materials Research Department with respect to structural 
modifications. Secondary ion mass spectrometry showed 
at which conditions N-diffusion takes place. X-ray diffrac-
tion (XRD) confirmed the formation of the δ-NbN and β-
Nb2N phases for the optimized doping process. XRD pole 
figures also showed grain growth during sample annealing. 

INTRODUCTION 
The technology of bulk niobium cavities is already close 

to the theoretical performance limit thanks to several dec-
ades of continuous research and technological innovation. 
Today industrialised cavity production with fields up to 45 
MV/m and a Q-factors exceeding 1010 at 2 K operation is 
possible [1, 2], with a record of 49 MV/m achieved recently 
[3]. 

The research on new materials could lead to more com-
pact and energy efficient accelerators. The recently pub-
lished Conceptual Design Report of the Future Circular 
Collider [4] proposes the application of both niobium 
coated copper and bulk niobium cavities, as part of the ac-
celerator structure of FCC-ee [5]. It builds on the long tra-
dition of coated copper superconducting cavities at CERN. 
The high heat conductivity of copper would permit 4.5 K 
operation. Niobium coated Cu cavities are less prone to 
magnetic flux trapping compared to bulk Nb, but the steep 
Q-slope of the coated cavities must be mitigated to outper-
form the bulk niobium technology [5]. 

METHODS 
High quality Nb sheets (RRR 300, approx. 2.8 mm thick) 

purchased from Research Instruments (RI) were treated by 
buffered chemical polishing (BCP), then cut to 5x5 mm2 
squares by high pressure water at RI. The cut samples were 
baked out in the high-temperature UHV furnace located at  

IKP, TU Darmstadt (“Wuppertal oven”) [6]. The virgin 
and treated samples were characterized by X-ray diffrac-
tion (XRD), electron microscopy and secondary ion mass 
spectrometry (SIMS) at the ATFT group of TU Darmstadt. 

The XRD measurements were done on a Rigaku 
SmartLab diffractometer with rotating copper anode 
(λ=1.54 Å), line focus mode and parallel beam set-up. 
Specular scans were taken in θ-θ geometry and pole figures 
at different Bragg-peak positions (constant detector angle). 

The SIMS measurements were done on a Cameca ims5f 
spectrometer with O2+ ions. 

RESULTS AND DISCUSSION 
Niobium samples were annealed and nitrided according 

different recipes. The process parameters were changed in 
a stepwise manner. Based on the SIMS feedback, the dop-
ing recipe was changed from single-shot nitrogen injection 
to a continuous N2. With this enhanced doping protocol ni-
trogen diffusion was finally observed (Fig. 1). The SIMS 
measurements also showed the depletion of hydrogen and 
carbon in the annealed samples compared to the virgin ones 
(not shown) in accordance with previous runs [7]. 

X-ray diffraction showed the appearance of surface Nb-
N phases. For annealing at 1450 °C for 2 min in 50 mbar 
nitrogen atmosphere the Bragg peaks could be described as 
a mixture of α-Nb and β-Nb2N phases (Fig. 2, top). For the 
sample annealed at higher temperature, for longer time and 
with increased nitrogen pressure (1550 °C, 10 min at 100 
mbar N2 atmosphere) the appearance of the δ-NbN phase 
was found (Fig. 2, bottom). The Bragg peaks are consistent 
with a mixture of α-Nb, β-Nb2N and δ-NbN phases. 

 ___________________________________________  
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 Virgin sample
1 mbar, 1450 °C, 1 min

50 mbar, 1450 °C, 2 min
100 mbar, 1550 °C, 10 min
Virgin sample 2019-02-11

Figure 1: SIMS depth profiles of 14N normalised to 93Nb 
measured on the Nb samples with O2+ ions. 
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Figure 2: X-ray diffraction pattern of N-doped niobium samples. The nitridation was done in the “Wuppertal oven” at 
IKP, TU Darmstadt. The reflections of the phases are noted by tick marks: α-Nb (red), β-Nb2N (black) and δ-NbN (blue). 

 

 

Figure 3: Pole figures of the different phases of a N-doped sample. The sample was annealed in the “Wuppertal oven” at 
1550 °C in 100 mbar N2 atmosphere for 10 minutes. Bragg peaks related to different phases were selected for the pole 
figures: α-Nb (left), β-Nb2N (middle) and δ-NbN (right). The intensity is plotted on a logarithmic scale (colour bar). 

As the materials is not in powder form and vertically lay-
ered (a strongly textured coating on an almost single crystal 
substrate) no quantitative phase analysis was possible. The 
possible transformation of the δ-phase to γ was also not in-
vestigated.  

To check the crystallite size and texture of the newly 
formed surface phases, pole figures were measured (Fig. 3) 
in a similar way to previous studies [7].  This time different 
detector angles (2θ) were set for the three phases; 55.7°, 
33.85° and 41.15° for the 200, 100 and 200 reflections of 
the α-Nb, β-Nb2N and δ-NbN phases, respectively. The 
pole figure related to Nb (Fig. 3, left) shows a few very 
strong and narrow reflections, while the β- (middle) and δ- 
(right) phases are less textured with larger mosaicity (seen 
as larger number of broader peaks). 

We interpret the broad distribution of the formed nitride 
phase as small crystallite grown on top the almost single 
crystalline Nb. The grain size of Nb is much larger, than of 
the nitrides due to the recrystallization seen before [7]. 

CONCLUSION 
With the improved doping process Nb-N phases were 

first seen on samples doped in the “Wuppertal oven”. 
According to the pole figure measurements, different 

Nb-N phases showed different texture, and crystallite size.  
The δ-NbN phase showed the least texture, followed by β-
Nb2N, both sitting on top of the almost single crystalline 
α-Nb sample. The doping conditions (pressure, tempera-
ture and duration) will be further optimized to get a clean 
δ-NbN layer on top of the recrystallized niobium samples. 
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