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Abstract 
Surface quality is paramount in facilitating high perfor-

mance SRF cavity operation. Here, we investigate the 
topographic evolution of samples subjected to N-doping 
and 600 °C vacuum anneal. We show that in N-doped Nb, 
niobium nitrides may grow continuously along grain 
boundaries. Upon electropolishing high slope angle 
grooves are revealed which sets up a condition that may 
facilitate a suppression of the superheating field.  

INTRODUCTION 
The N doping process [1] of thermally diffusing N at 800 

°C in a low pressure N2 environment has resulted in sub-
stantial decreases of the surface resistance at moderate ac-
celerating gradients. Based on the reproducibility of the in-
tended performance N doping was chosen for production 
cavities in the LCLS-II and LCLS-II HE upgrades. The 
LCLS-II HE research and development program investi-
gated the performance of three N doping protocols [2]. It 
was shown that the process of N doping Nb cavities at 
800 °C for two minutes in an N2 atmosphere with no post-
dope anneal (referred to as “2N0”) was superior to cavities 
doped for 2 minutes and annealed for 6 minutes or doped 
for 3 minutes and annealed for 60 minutes. After N doping, 
a 7 m electropolish is performed to recover performance. 
The N doping process is known to leave behind topo-
graphic defects due to the removal of nitrides during the 
electropolishing process [3]. Topographic defects are one 
vector that may reduce superheating fields either by mag-
netic field enhancement [4-6] or by nanoscale de-
fects [7, 8]. Another source of degradation may be from 
impurities [9]. To investigate the possible topographic con-
tribution we examine the topographic evolution of 2N0 N-
doped and vacuum annealed Nb samples subjected to elec-
tropolishing using an atomic force microscope (AFM). 

RESULTS 
Here, we examine nitrogen doped and vacuum annealed 

(600 °C/10 hr) samples using atomic force microscopy af-
ter sequential electropolishing. Electropolishing (EP) was 
performed using a 1 to 10 by volume mixture of HF(49%) 
to H2SO4(98%). Samples of 6 × 10 × ~3 mm3 were 
wrapped in PTFE tape, mounted in a sample holder and 
immersed in the EP electrolyte allowing only the polished 
face to be exposed to the electrolyte. Samples were elec-
tropolished at 13 °C and 9 V. Tapping-mode AFM topogra-
phies were made using a Digital Instruments Nanoscope IV 

atomic force microscope. The AFM probe tip used was a 
Si tip with a tip radius less than 10 nm.  

The N doping process precipitates nitrides within grains 
and can precipitate nitrides along grain boundaries. During 
the electropolishing process nitrides are preferentially re-
moved as shown in Fig. 1. Smaller holes are formed within 
grains while relatively deep grooves may be produced 
along grain boundaries. Electropolishing leaves behind 
long grooves along grain boundaries and reveals high slope 
angle areas. To study the evolution of topographic features 
we examined two 2N0 N doped samples and  
 

 
Figure 1: Before (left) and after (right) electropolishing at 
a triple-junction. 

 
two electropolished samples for comparison. Representa-
tive intragrain tapping-mode atomic force microscope to-
pographies are shown in Fig. 2 which shows the evolution 
of surface upon electropolishing. Some holes of approxi-
mately 1 m in width are introduced into the 600 °C heat 
treated samples which are suspected to be due to growth of 
an unidentified Nb compound. With increasing elec-
tropolishing depth the holes tend to become more rounded 
and shallower. The evolution of average surface roughness 
Sa is shown in Fig. 3 for the 2N0 samples compared with 
600 °C, 10 hour vacuum annealed samples.  

Along some grain boundaries, grooves are present which 
also become more rounded and shallower with elec-
tropolishing depth. The evolution of topography at triple 
junctions is shown in Fig. 4. A common defect observed at 
the grain boundary is a deeper removal of material around 
the triple-junction likely due to enhanced diffusion be-
tween grains. The geometry of the groove topographic de-
fect is reminiscent of the triangular groove defect studied 
by Kubo [8]. Kubo’s model predicts a superheating field 
suppression from nanoscale features of the surface and the 
superconductor’s coherence length. The suppression of the 
superheating field is dependent on the triangular groove 
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slope angle, 𝜃 , depth of the groove, 𝛿  and the supercon-
ductor’s coherence length, 𝜉. The superheating field sup-
pression factor 𝜂, defined by 𝐵෨௦ ൌ 𝜂𝐵௦ is calculated by 

                𝜂 ൌ
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where 𝛼 is defined by 𝜃 ൌ 𝜋ሺ𝛼 െ 1ሻ/2. Towards calcu-
lating Eq. (1) from topography, a local slope angle which 
quantifies the angular deviation of the surface plane from 
the x-y plane can be calculated using the tapping-mode 
AFM topographies, 𝑧 ൌ ℎሺ𝑥,𝑦ሻ by  

 

                       cos𝜃 ൌ 𝒛ො ∙ 𝒏ෝ ൌ 𝒛ො ∙
ሺିೣ,ି,ଵሻ
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Figure 2: Representative intragrain tapping-mode AFM to-
pography for 600 °C heat treated and 2N0. 

 

Figure 3: Evolution of average intragrain surface rough-
ness, Sa, with electropolishing depth. 

 
Figure 4: Representative triple-junction tapping-mode 
AFM topography for 600 °C heat treated and 2N0. 

where 𝒏ෝ is the unit normal vector to the measured surface, 
ℎ is the partial derivative of ℎ with respect to coordinate 
𝑖 [10]. Partial derivatives of ℎሺ𝑥,𝑦ሻ were calculated using 
an extension of the Savitzky-Golay filtering method for 
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surfaces [11, 12]. To estimate the depth of the holes and 
grooves we define 𝛿ሺ𝒓ሻ as the difference between the AFM 
topography and a fitted plane that conforms to surface 
without conforming to the holes and defects. 𝜉 is estimated 
at 20 nm for the N doped samples and 40 nm for the 600 °C 
heat treated samples. While entrance of vortices should oc-
cur at the valley minima, the grain boundary grooves pre-
sent slope angles that are not constant throughout and often 
the grooves observed have depths comparable to the length 
scale of the penetration depth which deviates from Kubo’s 
model assumptions. With these limitations in mind, we uti-
lize Eq. (1) using 𝛼ሺ𝒓ሻ, 𝜉 𝛿ሺ𝒓ሻ to calculate 𝜂ሺ𝒓ሻ. We note 
that 𝜂ሺ𝒓ሻ does not represent a local superheating field sup-
pression factor except in some cases near minima. A repre-
sentative topography, slope angle map, 𝜂ሺ𝒓ሻ  map for is 
shown in Fig. 5.  

 
Figure 5: (a) Tapping-mode AFM topography and (b) cal-
culation of 𝜂ሺ𝒓ሻ for a 2N0 triple junction after 3 m elec-
tropolish. 

Plots of the relative frequency of 𝜂ሺ𝒓ሻ  with elec-
tropolishing depth, shown in Fig. 6, reveal a wider distri-
bution of 𝜂ሺ𝒓ሻ  values in the N doped samples which is 
ameliorated with more electropolishing. 

 
Figure 6: Relative frequency of 𝜂ሺ𝒓ሻ for 2N0 and 600 °C 
heat treated triple-junction topographies with elec-
tropolishing depth. 

CONCLUSION 
We have shown that the preferential removal of nitrides 

during electropolishing introduces topographic defects that 
may facilitate vortex penetration via superheating field 
suppression. Our quantitative estimates for the decrease in 
superheating field are complicated by the limitations of 
available theories, but qualitative comparisons between 
heat treatment processes may be possible. It’s clear in the 
limit of deep grooves, that as a material moves deeper into 
the type-II regime it becomes substantially more sensitive 
to topographic defects for flux entry [7]. The analysis out-
lined here will be useful for materials with larger penetra-
tion depths in comparison with their topographic defects or 
for improving polishing processes of interest for SRF ap-
plications [13-15].  

Ideally after N doping a long electropolish to remove the 
topographic defects would be employed, however the N 
diffusion lengths are not long enough to accommodate this. 
As an example, for the 2N0 recipe, the N diffusion profile 
is relatively short which means going from a 7 m to 
10 m EP could be beneficial for max accelerating gradient 
but come at a cost of reducing interstitials from approxi-
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mately 1000 ppm to 800 ppm [16] which should reduce ef-
ficiency. Longer impurity diffusion profiles that change 
negligibly in concentration during electropolishing would 
be ideal to negate the effects of topographic defects intro-
duced during doping. 
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