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Measurement of magnetic penetration depth and superconducting energy
gap in very thin epitaxial NbN films
Anand Kamlapure,1 Mintu Mondal,1,a兲 Madhavi Chand,1 Archana Mishra,1,2
John Jesudasan,1 Vivas Bagwe,1 L. Benfatto,3 Vikram Tripathi,1 and
Pratap Raychaudhuri1,b兲
1

Tata Institute of Fundamental Research, Homi Bhabha Rd., Colaba, Mumbai 400005, India
IIC, Indian Institute of Technology Roorkee, Roorkee, Uttarakhand 247667, India
3
INFM-CNR Statistical Mechanics and Complexity Center, University of Rome “La Sapienza,” P.le A. Moro
5, 00185 Rome, Italy
2

共Received 1 December 2009; accepted 20 January 2010; published online 17 February 2010兲
We report the evolution of the magnetic penetration depth 共兲 and superconducting energy gap 共⌬兲
in epitaxial NbN films with thickness 共d兲 varying between 51–3 nm. With decrease in film thickness
Tc and ⌬共0兲 monotonically decreases, whereas 共0兲 monotonically increases. Our results show that
while the values of ⌬共0兲 and 共0兲 are well described by Bardeen–Cooper–Schrieffer theory, at
elevated temperatures, films with d ⱕ 6.5 nm show sudden drop in superfluid density associated
with the Kosterlitz–Thouless–Berezinski transition. We discuss the implication of these results on
the time response of superconducting bolometers made out of ultrathin NbN films. © 2010
American Institute of Physics. 关doi:10.1063/1.3314308兴
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meter while for thinner films it was estimated from the time
of deposition.  was measured using a “two coil” mutual
inductance technique operating at 60 kHz. The main advantage of this technique is that it allows measurement of the
absolute value of  over the entire temperature range up to
Tc without any prior assumption about the temperature dependence of . In this technique, a 8 mm diameter thin superconducting film is sandwiched between a quadrupole primary coil and a dipole secondary coil 关Fig. 1共a兲兴. This
technique operates on the principle that the thin superconducting film will partially shield the secondary coil from the
magnetic field produced by the primary, the degree of shielding being dependent on . The mutual inductance between
the primary and the secondary coil is measured as a function
of temperature by passing a small ac excitation current
共1 mA兲 through the primary and measuring the in-phase
and out-of-phase induced voltage in the secondary using a
lock-in amplifier.  is determined by evaluating the mutual
inductance for different values of  by numerically solving
the Maxwell equations and comparing the measured value
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In recent years, NbN thin films have emerged as a popular material for fabricating sensitive superconducting
bolometers1 capable of detecting up to a single photon.2 The
ease of fabrication of these films through magnetron sputtering and pulsed laser deposition, high transition temperature
共Tc兲, the mechanical strength and chemical stability makes
NbN a material of choice for this application. However, to
obtain the desired sensitivity, superconducting single photon
detectors typically use a superconducting layer with thickness, d ⬍ 5 nm, lithographically patterned into thin strips. At
this thickness, which is smaller than the dirty limit coherence
length3 共 ⬃ 5 nm兲, superconducting properties often deviate
from their bulk counterparts.4 In particular, the superconducting energy gap 共⌬兲 and the magnetic penetration depth
共兲 can get strongly affected by the increased role of
disorder,5 formation of vortex antivortex pairs,6 and thermal
phase fluctuations.7 Since the quantum efficiency and the
time response of a superconducting bolometer depends on
the free energy difference between the normal state and the
superconducting state 共FN − FS = 共1 / 2兲N共0兲⌬2兲 and the kinetic inductance 共per unit length兲 of the device8 共Lk
= 共02共T兲 / A兲, A is the cross sectional area of the film兲, it is
important to understand the evolution of ⌬ and  in ultrathin
NbN films.
In this letter, we report a direct measurement of 共T兲 and
⌬共T兲 as a function of thickness in epitaxial NbN thin films
with thickness 共d兲 varying between 3–51 nm. Epitaxial NbN
thin films were grown on 共100兲 oriented MgO substrates by
reactive magnetron sputtering, by sputtering a Nb target in
Ar/ N2 共80:20兲 gas mixture at a substrate temperature of
600 ° C. Further details of sample growth and characterization have been reported elsewhere.3,9 The thickness of the
films was controlled by controlling the time of deposition
keeping all other parameters constant. For films with d
⬎ 20 nm, the thickness was measured using a stylus profilo-
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FIG. 1. 共Color online兲 共a兲 Schematic diagram of the coil assembly in our
penetration depth measurement setup. The upper 共primary兲 coil has 28 turns
with the half closer the film wound in one direction and the farther half
wound in the opposite direction. The lower 共secondary兲 has 120 turns wound
in the same direction in four layers. 共b兲 Variation of Tc with film thickness
for epitaxial NbN thin films. The inset shows M⬘共T兲 and M⬙共T兲 for the
thickest and the thinnest film.
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where, Ns共E兲 = Re兵共兩E兩 − i⌫兲 / 关共兩E兩 − i⌫兲2 − ⌬2兴1/2其 is the life-
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with the theoretically calculated value.10 The quadrupole
configuration of the primary coil ensures a fast radial decay
of the magnetic field such that edge effects are minimized.11
The excitation field was kept very low 共⬃7 mOe兲 and the
cryostat was shielded from the earth’s magnetic field using a
-metal shield. ⌬共T兲 was measured using a home built low
temperature scanning tunneling microscope 共STM兲 on
freshly prepared NbN films using Pt-Ir tip. The tunneling
conductance 关G共V兲 = dI / dV兴 versus voltage 共V兲 spectra 共averaged over ten voltage sweeps兲 were recorded from 4 K to
Tc on freshly prepared NbN thin films using a lock-in based
modulation technique operating at 279 Hz and a modulation
voltage of 100 V. Resistivity was measured using conventional four-probe technique by cutting the samples used for
penetration depth measurements into rectangular bars.
Figure 1共b兲 shows the variation of Tc with film thickness.
The real 共M⬘兲 and imaginary part 共M⬙兲 of the mutual inductance as a function of temperature measured using the penetration depth setup for the thickest and the thinnest film is
shown in the inset. All our films show a reasonably narrow
peak in M⬙共T兲 close to Tc. Tc, extracted from intersection of
two tangents drawn above and below the transition on the
M⬘共T兲 curve, varies from 15.87 K for the 50 nm thick film to
9.16 K for 3 nm thick film.
Figures 2共a兲–2共d兲 show the STM results for two films
with d = 50 nm and d = 5 nm. While the morphology of the
thicker films 共d ⬎ 10 nm兲 show a granular structure 关inset
Fig. 2共c兲兴, for d ⬍ 10 nm we observe steplike structures 关inset Fig. 2共d兲兴 reflecting the step edges on the single crystalline MgO substrate. The surface roughness for all the films is
⬃1 ⫾ 0.2 nm. Figures 2共a兲 and 2共b兲 show the tunneling
spectra at various temperatures. ⌬ is extracted by fitting
these spectra to the tunneling equation,
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FIG. 2. 共Color online兲 关共a兲 and 共b兲兴 Tunneling conductance spectra normalized at 7 mV 共GN兲 for the 50 and 5 nm thick films, respectively. The successive temperatures are 共a兲 4.7, 5.8, 9.35, 11, 11.8, 12.5, and 13.7 K and 共b兲
5.2, 6.3, 7.9, 8.8, 9.8, 10.2, and 10.6 K, respectively. The solid lines show
the theoretical fits to the spectra. 关共c兲 and 共d兲兴 Temperature variation in ⌬共T兲
共쎲兲 and ⌫共T兲 共䊏兲 along with the expected BCS behavior for ⌬ 共lines兲 for
the same two films; the insets show the topographic image 关106
⫻ 106 nm2 for 共c兲 and 265⫻ 265 nm2 for 共d兲兴 at 5 K of the surface.
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FIG. 3. 共Color online兲 共a兲 Temperature variation in −2共T兲 for NbN films
with different thickness; 共b兲 ⌬共0兲 extracted from tunneling measurements
共䉱兲 and penetration depth 共䉭兲 as a function of Tc; 共c兲 共0兲 共䊏兲 and 共0兲BCS
共⽧兲 as a function of Tc; 共d兲 0 as a function of Tc.

time broadened Bardeen–Cooper–Schrieffer 共BCS兲 density
of states. While the broadening parameter, ⌫共=ប / 兲, formally
incorporated12 to take into account the lifetime 共兲 of the
quasiparticle, phenomenologically incorporates all sources of
nonthermal broadening in the BCS density of states . We
observe that the temperature dependence of ⌬共T兲 关Figs. 2共c兲
and 2共d兲兴 closely follows the BCS curve13 within experimental accuracy.
Figure 3共a兲 shows the temperature variation of −2共T兲
⬀ ns共T兲 共where ns is the superfluid density兲.  increases from
275 to 529 nm as the thickness decreases from 51 to 3 nm.
The value of  for the 51 nm film is consistent with earlier
measurements which vary between14  ⬃ 200– 400 nm for
NbN films with similar thickness. Since in our films the electronic mean free path,3 l Ⰶ , we fit the temperature variation
共solid lines兲 with the dirty limit BCS expression,15
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using ⌬共0兲 as a fitting parameter. The fit is good16 barring the
two thinnest films where we observe an abrupt drop in ns
associated with the Kosterlitz-Thouless-Berezinski 共KTB兲
transition close to Tc. The best fit values of ⌬共0兲 plotted 关Fig.
3共b兲兴 along with the ones obtained from tunneling measurements 共as a function of Tc兲 agree well with each other. A
further consistency check can be obtained by noting the
dirty-limit BCS relation,17
−2共0兲BCS =

0⌬共0兲
,
ប0

共3兲

where 0 is the normal state resistivity just above Tc. The
agreement between experimental value of 共0兲 and 共0兲BCS
calculated using 0 关Fig. 3共d兲兴 and ⌬共0兲 关interpolated from
Fig. 3共b兲兴 suggests that the evolution of the ground state
properties of thin NbN films can be understood from weakening of the electron-phonon pairing interaction, possibly
due to increase in the Coulomb pseudopotential5 arising from
loss of effective screening.
We now focus our attention on the KTB transition
observed in ns in the two thinnest samples where, dⱗ.
According to the KTB theory ns ⬀ −2 is expected to
jump discontinuously to zero when free vortices proliferate

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

072509-3

Appl. Phys. Lett. 96, 072509 共2010兲

Kamlapure et al.

2.5

how to reduce rf noise in the STM and Sourin Mukhopadhyay for his involvement in the fabrication of STM.

−2

-2

λ (µm )

2.0

1

1.5
1.0

6.5nm

3nm
0.5
0.0
8

9

10

T (K)
FIG. 4. 共Color online兲 Temperature variation in −2 close to Tc for 6.5 and
3 nm films. The dashed lines show the theoretical fit to the data. The best fit
parameters are  ⬇ J, ␦ = 0.025J0 for the 3 nm sample and  ⬇ 0.785J, ␦
= 0.009J0 for the 6.5 nm sample. Intersection with the solid line is where the
universal KTB, smeared out by inhomogeneities is expected:−2共T兲
= 80kBT / d20.

in the system.18 This occurs when 关1 / 2共TKTB兲兴
= 共80kBTKTB / d20兲 共0 is the flux quantum兲 关Fig. 4兴. However, the deviation of ns from the BCS curve starts much
before than the jump, in contrast to the standard expectation
based on the two-dimensional 共2D兲 XY18 model. This apparent discrepancy is however resolved noting that the vortex
core energy, 共T兲兵⬀关ប2ns共T兲d / 4m兴 = J共T兲其 in a real superconductor can deviate significantly from the 2D XY value,
namely, XY = 共2 / 2兲J. In particular, when  ⬍ XY bound
vortex-antivortex pairs can substantially renormalize ns with
respect to the BCS value already before than TKTB, as has
been discussed recently by Benfatto et al.19 Following this
approach19 we fit the data 共dashed line兲 treating  as an
adjustable parameter, and we model the intrinsic inhomogeneity of the sample—that accounts for the smearing of the
discontinuous jump at TKTB—as a Gaussian distribution of
the local superfluid densities 共J兲.19 The fits give  ⬇ J and
具共J0 − J0兲2典1/2 / J0 = ␦ / J0 ⬍ 0.025 confirming the homogeneous
nature of the films.
In conclusion, we have carried out detailed measurement
of the evolution ⌬ and  with film thickness in very thin
epitaxial NbN films. Our results show that these values differ
significantly from their bulk counterparts. To highlight the
importance of these results, we calculate the kinetic inductance of a 100 nm wide stripline grown on a 4 nm thick film
关共0兲 ⬃ 500 nm兴 with effective length of 500 m to be 392
nH. This is very close to the value8 共415 nH兲 calculated from
the reset time of a single photon detector with similar geometry. This indicates that the time response of state of the art
NbN superconducting bolometer is primarily limited by the
enhanced penetration depth at small thickness, which should
be taken into account in any realistic design of devices based
on ultrathin NbN films.
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