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Overview	  

•  Mo6va6on	  

•  Niobium	  Nitride	  Thin	  Films	  
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– DC	  Superconduc6ng	  Proper6es	  

•  Issues	  in	  Thin	  Film	  Growth	  

•  Conclusions	  and	  Future	  Work	  



•  Current	  Nb	  cavi6es	  are	  
expensive,	  difficult	  to	  
shape,	  and	  have	  poor	  
thermal	  conduc6vity.	  

•  Other	  metal	  cavi6es	  (e.g.	  
Cu)	  are	  less	  expensive,	  so	  
coat	  the	  interior	  of	  these	  
with	  a	  superconduc6ng	  
thin	  film.	  
–  Performance	  issues	  –	  Q	  
slope,	  etc.	  
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•  There	  is	  obviously	  a	  great	  
deal	  of	  interest	  in	  
improving	  the	  quality	  of	  
the	  thin	  films	  used.	  

•  For	  films	  thinner	  than	  
their	  London	  penetra6on	  
depth	  (d	  <	  λL),	  there	  is	  an	  
enhancement	  in	  HC1.	  
–  Previously	  shown	  in	  MgB2.1	  
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1D.	  B.	  Beringer	  et	  al.	  IEEE	  Trans.	  Appl.	  Supercond.	  23,	  7500604	  (2013).	  	  	  	  	  	  
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Mo6va6on	  

•  Niobium	  nitride	  (NbN)	  
is	  a	  promising	  material	  
for	  thin	  film	  coa6ngs.	  
–  Higher	  HC	  and	  TC	  than	  
niobium	  (Nb)	  

–  Binary	  compound,	  
achievable	  growth	  
temperature	  

	   Predicted	  HC1	  enhancement	  for	  NbN	  
thin	  films	  with	  thickness	  less	  than	  
their	  London	  penetra'on	  depth.	  

HC	   HC1	  (Oe)	   TC	  (K)	  

Nb	  (bulk)	   2000	   1800	   9.23	  

NbN	  (bulk)	   2300	   200	   16.2	   M.	  R.	  Beebe	  et	  al.	  J.	  Vac.	  Sci.	  Technol.,	  A	  ,	  34,	  021510	  (2016).	  



NbN	  Thin	  Film	  Growth	  

•  A	  thickness	  series	  of	  
NbN	  thin	  films	  were	  
reac6vely	  spuMered	  on	  
MgO(100)	  substrates.	  

•  NbN	  grows	  epitaxially	  
on	  MgO,	  making	  the	  
characteriza6on	  of	  the	  
NbN	  thin	  films	  much	  
more	  straighlorward.	  

Substrate 

Target (-) 

Vacuum 
Pumps 

Ar 

N2 



NbN	  Thin	  Film	  Characteriza6on	  

W.	  Lengauer,	  M.	  Bohn,	  B.	  Wollein,	  and	  K.	  Lisak,	  Acta	  Mat.	  48,	  10	  (2000).	  
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NbN	  Thin	  Film	  Characteriza6on	  

•  The	  stoichiometry	  of	  
each	  phase	  determines	  
the	  corresponding	  
lamce	  parameter.	  

•  X-‐ray	  diffrac6on	  was	  
used	  to	  determine	  the	  
lamce	  parameter	  (and	  
thus	  phase),	  mosaic	  
structure,	  and	  average	  
grain	  size	  for	  each	  film.	  



NbN	  Thin	  Film	  Characteriza6on	  

•  Using	  a	  Quantum	  
Design	  MPMS,	  DC	  
measurements	  were	  
made	  of	  the	  TC	  and	  HC1	  
of	  each	  NbN	  film.	  

•  Sample	  alignment	  is	  
cri6cal,	  as	  is	  the	  quality	  
of	  the	  film	  surface.	  
–  Any	  field	  not	  parallel	  to	  
the	  film	  surface	  will	  
introduce	  vor6ces.	  

Sample 

H 



NbN	  Thin	  Film	  Characteriza6on	  

•  All	  HC1	  measurements	  
thus	  are	  at	  least	  a	  slight	  
underes6mate.	  

•  Two	  methods	  for	  HC1:	  
– When	  M	  vs.	  H	  deviates	  
from	  the	  Meissner	  slope	  

– Method	  outlined	  by	  	  	  	  	  	  
C.	  Bohmer	  et	  al.,	  
Supercond.	  Sci.	  Technol.	  
10,	  A1-‐A10	  (1997),	  which	  
removes	  contribu6ons	  
from	  trapped	  M	  

Start	  measurement	  

Cool	  to	  T<TC	  

3	  scans	  at	  H	  =	  0	  

Set	  H	  
3	  scans	  at	  H	  

Set	  H	  =	  0	  
3	  scans	  at	  H	  =	  0	  

Warm	  to	  T>TC	  

Devia6on	  from	  linear?	  

End	  measurement	  



NbN	  Thin	  Films	  
Sample	  thickness	  (nm)	   a	  (Å)	   TC	  (K)	   HC1	  (Oe)	  

36	   4.349	   10.98	   76	  

120	   4.357	   9.6	   140	  

121	  +	  5	  Au	   4.361	   13.2	   1600	  

85	   4.379	   13.72	   500	  

150	   4.385	   14.55	   270	  

100	   4.387	   14.24	   350	  

120	   4.388	   14.75	   950	  

80	   4.388	   14.62	   1000	  

60	   4.391	   14.55	   700	  

Bulk	   4.395*	   16.2	   200	  

*Reported	  bulk	  values	  range	  from	  4.38	  Å	  to	  4.42	  Å.2	  	  	  

2E.I.	  Isaev	  et	  al.	  J.	  Appl.	  Phys.	  101,	  123519	  (2007).	  



NbN	  Thin	  Films	  

•  In	  the	  bulk-‐like	  regime,	  
TC	  shows	  a	  linear	  
increase	  with	  increasing	  
lamce	  parameter,	  
although	  a	  thin	  film	  
with	  the	  bulk	  lamce	  
parameter	  a	  =	  4.395	  Å	  
would	  not	  quite	  have	  
bulk	  TC	  due	  to	  the	  
defects	  inherent	  in	  all	  
spuMered	  thin	  films.	  	  



NbN	  Thin	  Films	  
•  There	  is	  no	  real	  
correla6on	  between	  
film	  thickness	  and	  TC	  -‐	  
as	  long	  as	  the	  films	  are	  
bulk-‐like,	  they	  will	  have	  
roughly	  the	  same	  TC.	  

•  Increased	  grain	  size,	  
however,	  does	  lead	  to	  a	  
slight	  increase	  in	  TC.	  
–  Fewer	  intergrain	  
boundaries	  lead	  to	  less	  
electron	  scaMering.	  



NbN	  Thin	  Films	  
We	  see	  the	  expected	  trend	  in	  HC1	  with	  respect	  to	  
thickness,	  although	  the	  measured	  values	  are	  about	  one	  
order	  of	  magnitude	  smaller	  than	  expected.	  This	  
difference	  can	  be	  explained	  by	  both	  film	  defects	  and	  
the	  difficulty	  of	  the	  HC1	  measurements.	  



Issues	  in	  Thin	  Film	  Growth	  

•  Because	  the	  δ	  phase	  is	  such	  a	  small	  part	  of	  the	  
overall	  NbN	  phase	  diagram,	  finding	  the	  right	  
set	  of	  deposi6on	  parameters	  is	  crucial.	  These	  
parameters	  include	  
– system	  geometry	  
– Ar/N2	  ra6o	  (par6al	  pressure)	  
– spuMering	  power	  
– substrate	  temperature	  



System	  Geometry	  

•  System	  geometry	  heavily	  affects	  deposi6on	  –	  
parameters	  that	  work	  for	  growing	  a	  coupon	  
sample	  on	  a	  flat	  heater	  can	  be	  very	  different	  
from	  those	  required	  to	  spuMer	  coat	  a	  cavity.	  

•  Changes	  in	  our	  deposi6on	  system	  led	  to	  a	  
recalibra6on	  of	  growth	  parameters.	  
– New	  heater	  installed	  to	  allow	  for	  growth	  of	  larger	  
samples	  

– SpuMering	  gun	  repaired	  and	  Nb	  target	  replaced	  



Par6al	  Pressure	  

•  Previous	  work3	  had	  
shown	  that	  plasma	  with	  
5.9%	  N2	  gave	  op6mal	  	  
δ-‐NbN	  in	  our	  system.	  
This	  percentage	  s6ll	  
gives	  the	  best	  results.	  

Supercond. Sci. Technol. 25 (2012) 125016 W M Roach et al

Figure 3. XRD scans for varying nitrogen partial pressure. The
vertical dashed lines represent the positions for bulk �-NbN (lower
end of range presented in text) and MgO.

free path in superconducting thin films. A typical resistance
plot from which RRR values are extracted is shown in
figure 5. In the present case, �-NbN films with a bulk-like
lattice parameter had RRR values of 1, consistent with
previous literature indicating lack of detectable voids and
defects between grains [35, 36]. It should be noted here
that the resistive behavior, and therefore RRR values, of
compound films such as NbN is drastically different than
that of metallic films such as niobium. As the temperature
is lowered for metallic films, the resistance decreases as the
effect of phonons is removed leading to RRR values greater
than 1. In fact, recent studies have produced niobium films
with RRR values up to 541 [37].

As shown by Jones [36], there is a strong correlation
between TC and RRR values for NbN films, where it has
been reported that the resistance of the films increases with
decreasing temperature when the film exhibits lower TC than
bulk. Such cases have been attributed to dirt effects related
to the granular structure of the films. Conversely, this rise
of resistance at lower temperature is significantly depressed
when TC of the thin film sample approaches bulk value.
Since this is our case it suggests that electron transport is not
dominated by the granular structure of our films.

Figure 4. (a) Lattice parameter for the c and a directions and
(b) grain size extracted from XRD scans versus nitrogen partial
pressure. (c) Misalignment between the NbN(200) and MgO(200)
planes indicating that films deposited at lower nitrogen partial
pressures have a larger misalignment with the substrate than films
deposited at higher nitrogen partial pressures. (d) Degree of
mosaicity as determined by the width of NbN(200) rocking curves.
Dashed lines are guides to the eye.

Figure 5. Resistivity as a function of temperature in a d-NbN phase
film deposited on MgO. RRR values are calculated using the
resistance at room temperature and the resistance just above the
superconducting transition temperature. Inset shows the
superconducting transition.

4

3W.	  M.	  Roach	  et	  al.	  Supercond.	  Sci.Technol.	  25,	  125016	  (2012).	  

Supercond. Sci. Technol. 25 (2012) 125016 W M Roach et al

Figure 6. (a) Superconducting response as a function of
temperature for 5.9%, 14.7%, and 26.5% nitrogen partial pressure
films. (b) Transition temperature as a function of nitrogen partial
pressure. These measurements were carried out with an applied field
of 50 Oe parallel to the surface of the films. Bulk values range from
12 to 15 K for the g phase and 15–17.3 K for the � phase of NbN.
Dashed line is a guide to the eye.

3.3. Superconducting properties

SQUID magnetometry was used to determine the transition
temperature of the samples studied. The films were mounted
such that the applied magnetic field was parallel to the film
surface, reproducing the orientation of the magnetic fields
present in SRF cavities. The magnetic susceptibility c was
measured at different temperatures in order to characterize
the transition temperature of the films. Following a zero
field cool down to 4 K, a DC magnetic field of 50 Oe was
applied and DC susceptibility measurements were taken as
the temperature was increased until the diamagnetic response
decreased to zero, indicative of the films being in the normal
state (figure 6(a)). The transition temperatures as a function
of nitrogen partial pressure are presented in figure 6(b). These
transition temperatures follow the same trend observed for the
lattice parameter measurements, and only the lowest partial
pressure used (5.9%) leads to films with a bulk-like transition
temperature with a TC of 15.5 K.

The HC1 values for the films were accurately determined
by measuring trapped moments in the superconducting thin
films that appear immediately after application and removal of

Figure 7. The difference between a sample’s magnetic moment
before and after a magnetic field is applied as a function of that
applied field. The jump in this difference around 400 Oe for 14.7%
nitrogen partial pressure, 500 Oe for 11.8%, and 1100 Oe for 5.9%
indicate remnant fields and therefore penetration at that applied
field. The dashed lines are guides for the eye.

external magnetic fields equal or higher than HC1, following
the procedure described in [38]. This procedure begins with
a zero field cool down into the superconducting state. Next, a
measurement of the sample’s magnetic moment is acquired
at zero applied fields. Then, a magnetic field is applied to
the sample and then subsequently removed. Finally, a second
measurement of the sample’s magnetic moment is acquired
and the sample is warmed up above TC. The process is
repeated for several fields. Below HC1, there should be no
penetration of the applied field into the sample, while above
HC1 there will be penetration and the field will result trapped.
By subtracting the sample’s response before and after the
applied field it can be determined if there are any remnant
fields in the sample, indicating that there was penetration
when the external field was applied. The applied field that
leads to a remnant field in the sample is determined to be HC1.
A procedure such as this is necessary to accurately determine
HC1 because vortices can penetrate a material without a large
effect on the magnetization curve due to flux pinning. Figure 7
shows examples of the difference between the two moment
measurements versus applied field. For films grown at a 5.9%
nitrogen partial pressure of that exhibit both a bulk-like lattice
parameter and transition temperature, an HC1 value of 1100
Oe was obtained, consistent with other reported values [39].
All other films had lower HC1 values around 400–500 Oe.

3.4. Discussion

NbN thin films with potential to improve SRF performance
in linear accelerator technology must have optimal super-
conducting properties and exhibit smooth surface and since
NbN can be formed by reactive sputtering which inherently
yields smoother films, this material is a suitable candidate for

5



SpuMering	  Power	  

•  Previous	  samples	  were	  
grown	  at	  60	  W,	  which	  
no	  longer	  gives	  δ-‐NbN.	  

•  Increased	  power	  yields	  
a	  beMer	  lamce	  
parameter	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
and	  a	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
higher	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
growth	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
rate.	  



Substrate	  Temperature	  

•  Higher	  substrate	  
temperatures	  yielded	  
more	  crystalline	  films.	  

•  As	  the	  temperature	  
increased,	  we	  saw	  more	  
substrate	  nitridiza6on.	  
–  Lack	  of	  control	  of	  
thickness,	  phase	  of	  NbN	  
which	  forms	  could	  
nega6vely	  affect	  cavity	  
performance.	  



Conclusions	  and	  Future	  Work	  

•  Understanding	  the	  effects	  of	  deposi6on	  
condi6ons	  on	  the	  stoichiometry	  of	  NbN	  thin	  
films,	  and	  in	  turn	  the	  effect	  of	  the	  
stoichiometry	  on	  the	  DC	  superconduc6ng	  
proper6es,	  allows	  films	  to	  be	  tailored	  for	  
specific	  applica6ons	  (cavi6es,	  detectors,	  etc.).	  

•  Correla6ng	  DC	  and	  RF	  proper6es	  will	  then	  
allow	  predic6ons	  of	  RF	  performance	  from	  
structural	  characteriza6on	  of	  NbN	  films.	  



Conclusions	  and	  Future	  Work	  

•  Current	  and	  future	  work	  with	  NbN	  thin	  films	  
should	  explore	  more	  energe6c	  deposi6on	  
methods	  (pulsed	  DC	  spuMering,	  HIPIMS,	  ECR).	  
– More	  energe6c	  plasma	  yields	  denser	  films,	  which	  
in	  general	  perform	  beMer.	  

– MgB2	  films	  grown	  via	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
HPCVD	  showed	  an	  HC1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
enhancement	  that	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
matched	  theore6cal	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
predic6ons.	  	  	  	  
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Fig. 2. (Top left) 2 × 2 micron AFM image of a 10 nm Au/100 nm MgB2
thin film and (top right) 2 × 2 micron AFM image of a 10 nm Au/40 nm MgB2
thin film. (Bottom) Representative offset line scans illustrating relative feature
profiles. Films from this series demonstrate coarse features relative to nominal
thickness. The z-scale for each AFM image is 88 nm.

into the superconducting state followed by a measurement of
the sample’s magnetic moment at zero applied field. A magnetic
field is then applied to the sample and then subsequently
removed. A second measurement of the sample’s magnetic
moment is acquired and the sample is warmed up above TC.
The process is repeated for several fields. Below HC1, there
should be no observed penetration of the applied field into the
sample, whereas above HC1 there will be flux penetration and
the resulting trapped fields will be present. Detection of trapped
field is achieved by subtracting the sample’s response before
and after the application of a magnetic field. Thus, the applied
field that leads to a remnant field in the sample is determined to
be HC1.

This method has advantages over other methods of defining
HC1—the field at which the isothermal M-H curve begins
to deviate from the Meissner slope. Namely, this procedure
provides a more conservative measurement of the HC1 by early
detection of vortex penetration that may not necessarily have a
large effect on the magnetization curve due to flux pinning.

Fig. 3 shows the measured value of HC1 (4 K) for each of the
film thicknesses examined plotted against a set of theoretical
curves assuming accepted values for MgB2 coherence lengths
[5], [13], [14]. The thin films with the largest grain size and
more bulk like lattice parameters (the 60 nm and 100 nm
films) appear to exhibit well-correlated microstructure with
the observed enhancement of HC1. The relatively poor HC1

performance of the 40 and 80 nm films with respect to the ex-

Fig. 3. Measured HC1 (4 K) as a function of MgB2 thickness. Solid lines
represent expected theoretical curves for lower critical field enhancement for
particular coherence lengths. Associated error for critic al field measurements
are on the order of ∼100 Oe and therefore not represented above.

pected theoretical predictions are consistent with the observed
microstructure and, particularly in the case of the 40 nm film,
may be further hampered by the coarse surface morphology
observed in this case. It is worth stressing here that these HC1

values represent an underestimate of the lower critical field
since stringent alignment is limited with our current MPMS
configuration.

IV. CONCLUSION

In summary, the observed superconducting properties for a
thickness series of MgB2 films deposited on c-plane sapphire
correlate well with the microstructure and surface morphology
observed in these thin films. The coarse morphology, perhaps
due in part to the gold capping layer, might be detrimental to
the superconducting performance of the thinnest film (40 nm).
However, we do observe a significant enhancement in HC1 for
the 60 nm film and the overall trend follows the theoretical
curve. Additional studies to establish the optimal thickness for
epitaxial thin film MgB2 that also has suitable surface morphol-
ogy and consequent improved superconducting properties are in
progress.
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