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Abstract—  An  on-wafer  measurement  technique  allowing 
measurement  of  a  superconducting  film's  penetration  depth 
without post device-fabrication separation of the chips has been 
investigated.  Coplanar waveguide (CPW) probes and a CPW to 
microstrip  transition  are  utilized,  allowing  the  use  of 
commercially available LakeShore® CPX-1.5K cryogenic CPW 
probing station capable of microwave measurements to 50 GHz. 
The  use  of  CPW probes  allows  for  rapid  prototyping  and  is 
nondestructive to the device wafers, and hence compatible with 
many device fabrication technologies.  Measurement techniques 
utilizing resonant microwave circuits have been reported [1],[2], 
but require mounting to custom-made test fixtures and are not 
performed  on-wafer,  but  instead  on individual  diced  devices. 
However,  such a dicing requirement is incompatible with our 
ultra-thin Si, Au beam-lead chip architecture [3].  In addition to 
a  traditional  resonant  circuit  measurement  technique,  a 
technique that uses on-wafer calibration standards is discussed. 
The on-wafer calibration eliminates possible effects introduced 
by the testing setup and potentially offers additional advantages 
such as a size reduction and a direct measurement of RF loss. 
The designs and results for both measurement techniques are 
reported for NbTiN films.

I. INTRODUCTION

Superconducting circuits have found broad application in 
THz  electronics,  with  energy  gap  materials  allowing 
operation at  higher  frequencies.   Precise knowledge of the 
films’  magnetic  penetration  depth  is  useful  in  the 
optimization  of  material  quality  and  integral  to  RF circuit 
design.

With regard to the material quality of sputtered films, there 
are multiple variables which may require optimization.  For 
larger energy gap superconductors, such as NbN and NbTiN, 
normal-state  resistivity,  stress,  and  transition  temperature 
have been used as figures of merit for optimization [4],[5]. 
Using BCS theory,  the penetration depth of  a  film can be 
approximated from these measurements using the relation [4]
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where  λl is the London penetration depth,  ρ is the normal-
state resistivity, and Tc is the transition temperature.  A direct 
measurement of penetration depth can therefore also be used 
as a figure of merit.  Having test structure designs compatible 
with normal  device  fabrication  processes  will  alleviate  the 
need to require separate material test wafers.

The  use  of  resonant  circuits  though  the  microstrip 
resonator technique is a proven method for the measurement 
of  the  penetration  depth  of  thin  films  [1].   One  typical 

drawback is the necessity to dice devices and mount them in 
a custom fixture.  This requirement limits the usability when 
fabrication techniques  require thinning of the whole wafer. 
In an attempt to address this limitation, new resonators based 
on those published by Lea [2] are designed and adapted for 
use with a cryogenic CPW probing station. The use of such a 
system ensures testing can be performed on-wafer and non-
destructively.

Although  this  method  can  be  adapted  to  cryogenic 
probing, it still has fundamental limitations in terms of size 
requirements.  The method relies on measuring the resonant 
frequencies  which  only  occur  at  multiples  of  half 
wavelengths  of  the  fundamental  resonance.   As  such, 
transmission lines must be wavelengths in length, consuming 
valuable  area  on  actual  device-containing  wafers.   As  the 
wavelengths  decrease  with  increasing  measurement 
frequency,  a  trade-off  between  the  decrease  in  required 
resonator  length  and  increased  system  losses  at  high 
measurement frequency occurs.  Through the use of a CPW 
probing station, the resonators have been tested up to 50 GHz 
to  show  the  upper  limit  of  the  practical  measurement 
frequency using our probe station.

To  further  reduce  the  required  physical  size  of  test 
structures,  a  method  of  determining  the  penetration  depth 
without the need for long transmission lines is investigated. 
Through  the  use  of  on-wafer  TRL  standards,  the  phase 
velocity can be directly determined from the phase of the de-
embedded  S-parameters.   Since  the  phase  velocity  is 
determined from S-parameters across all and not only certain 
resonant frequencies, the need to fabricate lines of multiple 
wavelengths is removed.  An on-wafer set of TRL standards 
was  designed  and  fabricated.   The  TRL  standards  set  a 
reference  plane  after  a  CPW  to  microstrip  transition.   In 
theory,  when  such  a  calibration  is  implemented  the  phase 
velocity  can  be  determined  solely  from  the  calibration 
standards and no additional devices.

II. EXPERIMENTAL METHODS AND DESIGN

A. Penetration Depth Calculations

The  impedance  of  a  superconducting  microstrip  line 
differs from that of an ideal lossless line of zero resistance. 
The  penetration  depth  affects  the  impedance  of  the 
superconducting microstrip line through the change in kinetic 
inductance introduced by cooper pairs.  The solutions for the 
inductance and capacitance of a superconducting microstrip 
line have been published by W.H. Chang [6] as
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where  W is the center  conductor  line width,  h is dielectric 
thickness, t1, λ1 and t2, λ2 are the thickness and the penetration 
depth of the center conductor and ground plane respectively. 
The factors  K,  rb and p take into account fringing fields and 
are determined by the microstrip geometries.  These factors 
are included in Chang's paper [6].

Noting  that  only  the  inductance  per  unit  length  is  a 
function of  penetration depth and that  for  our  design both 
metal  layers  are  the  same,  λ1=λ2=λl;  the  phase  velocity  is 
simply
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Once  phase  velocity  of  a  microstrip  line  is  measured, 
Matlab® is used to solve Eqs. 2-4 for the penetration depth.

B. Resonator Device Design

The  design  of  the  first  device  relies  on  the  microstrip 
resonator technique to determine phase velocity and calculate 
the  penetration  depth.   The  details  of  the  resonance 
measurement  technique  have  been  covered  in  detail  by 
Langley  [1]  and  Lea  [2].   Our  design  consists  of  a  low 
impedance ~1 Ω microstrip line connected at both ends by a 
50 Ω CPW line designed to be probed by a 150 μm pitch 50 
Ω CPW probe.  The impedance mismatch at the abrupt CPW 
to microstrip transition introduces the reflections necessary to 
measure distinctive resonant frequencies.  Fig 1 displays the 

design  including  the  abrupt  CPW  to  microstrip  transition. 
Multiple lengths of line ranging from 5 mm to 3.5 cm have 
been included in the design.

C. TRL Calibration / Direct Phase Measurement

The phase velocity of a transmission line of know length is 
simply
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Where  ω is the angular frequency,  θ is the phase difference 
across  the line,  and and  l is  the length of the line.   If  the 
measurement  system  can  be  de-embedded,  phase  can  be 
directly  measured.   Once  the phase  velocity  is  determined 
using Eq. 5, penetration depth can be calculated from Eqs. 2-
4.   Since a  CPW probe is  used and  a CPW to microstrip 
transition  is  to  be  employed,  an  on-wafer  calibration  is 
required to de-embed the probes and transition.

A  set  of  on-wafer  TRL  standards  was  designed  and 
fabricated.   The  standards  set  a  reference  plane  for  phase 
measurement after the CPW to microstrip transition.  Fig 2 
displays the calibration standards and outlines the location of 
the  reference  plane.   The  standards  utilize  a  zero-length 
through, a 90° line at the center frequency, and a zero-length 
short  for  the  reflect.   The  short  is  created  by  physically 
connecting the center-conductor of the microstrip line to the 
ground plane though a hole defined in the dielectric  layer. 
Through the use of the NIST StatistiCAL® algorithm [9], the 
measured response of the standards is used to de-embed the 
entire measurement system before this reference plane.

Unlike  the  previous  resonator  design  where  high 
reflections are desirable, the design of the CPW to microstrip 
transition  is  such  to  allow  minimal  reflections  to  enable 
maximum  power  transmission  across  the  entire  frequency 
band.  To reduce reflections, a smaller microstrip line width 

Fig. 2  The Line, Reflect, and Through standards from top to bottom, 
respectively.  All standards contain alignment keys to aid with repeatable 
placement of CPW probes.  The reference planes are displayed as the solid 
vertical lines.

Fig. 1  A screenshot from HFSS® showing a portion of the 3D model before 
design simulations.  The CPW line is shown as well as the abrupt transition 
to microstrip.  The device is symmetric about the center of the microstrip 
line.
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is employed to increase the impedance.  The CPW line is also 
tapered to gradually reduce the 50 Ω input impedance at the 
probing location and provide a better match at the transition. 
The design was simulated using HFSS® to verify minimal 
reflections and a transmission coefficient with less than -10 
dB attenuation.  The superconductivity of the thin films was 
taken  into  account  by  noting  the  surface  impedance  of  a 
superconducting film of thickness t is
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where Zn is the impedance of free space and Zn >> jωμ0λl [7]. 
Using this approximation, surface impedance boundaries for 
the films were set in HFSS.  Fig 3 shows the results of the 
simulation,  a  transmission  coefficient  of  >-8  dB  is  seen 
across the majority the band from 1-50 GHz.  In addition to 
the calibration standards, additional lines of 1-3 cm in length 
were included for comparison.

D. Equipment

All aspects of fabrication were performed in the University 
of Virginia Microfabrication Laboratories.  The designs were 
directly  exported  from  HFSS  to  CAD  format  and  were 
transferred to chrome plated photo-masks using a Heidelberg 
DWL 66 Laser Mask Writer.

DSP silicon wafers (50 mm diameter with 1500 Å thermal 
oxide) were chosen as the carrier substrate.  The NbTiN films 
were  deposited  by  reactive  sputtering  of  NbTi  through an 
Ar/N2 plasma.   The  details  of  the  NbTiN  deposition  and 
system used are previously covered in detail [5].  The oxide 
layers were deposited by RF diode sputtering of a 5 in quartz 
target.  The substrate was mounted using high vacuum grease 

to  a  water-cooled  grounded  platter  with  a  target-substrate 
separation of 1.5 in.

Film stress was measured by use of an optical profilometer 
which  measures  the  change  in  wafer  curvature  after  a 
deposition is completed.  Film resistivity was recorded using 
the four  point  probe technique.   All  film thicknesses  were 
measured  using  a  Dektak®  8  stylus  profiler.   Dielectric 
constant  of  the  oxide  was  determined  by  measuring  the 
capacitance  of  multiple  capacitors  fabricated  on-wafer 
alongside devices.   The capacitance was measured using a 
Wayne Kerr LCR meter connected to the DC probes of the 
CPX cryostat.

The  RF  measurements  were  performed  in  a  LakeShore 
CPX  1.5K  Flow  Cryostat  equipped  with  two  Picoprobe® 
CPW microwave probes.   All S-parameters were measured 
and recorded using mwavepy [8] and an HP8510C VNA.  A 
full  two  port  first  tier  calibration  was  performed  before 
connecting the VNA to the cryostat.  Raw first tier calibrated 
data was recorded and the subsequent TRL calibration was 
applied  as  a  second  tier  calibration  using  the  NIST 
StatistiCAL  calibration  package.   Temperatures  were 
monitored  using  a  LakeShore  Model  340  Temperature 
Controller and a DT-670 temperature sensor located on the 
cryostat's stage.  Apiezon N® grease was used as a thermal 
interface material between the substrate and stage.  

We found that during the time of testing, the cryostat was 
equipped  with  one  incorrect  model  probe.   Testing  was 
possible using this probe, but as a result of probe geometries, 
repeatable and reliable contact was difficult to achieve.  This 
has little effect on uncalibrated resonator measurements but 
can  play  a  critical  role  in  the  accuracy  of  the  calibrated 
device measurements.

III. RESULTS

A. Resonator Measurements

Five resonators with lengths ranging from 5 mm to 3.5 cm 
were tested.  A sweep from 1 to 50 GHz using 8001 data 
points was recorded.  Noting the limitation of the HP8510C 
to record a maximum of 801 data points, this was achieved 
by  breaking  the  sweep  into  smaller  bands  and  stitching 

Fig. 3  HFSS simulation results for the CPW to microstrip transition are 
shown above.  S21 is shown from 1 to 50 GHz and less then 8 dB attenuation 
is seen through most of the band. 

Fig. 4  The clear resonant peaks of S21 are seen from 1 to 50 GHz.
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together  10 separate  scans.   Fig 4 shows the  resulting S21 

measurements  and the sharp  resonant  peaks of  the 3.5 cm 
long  resonator.   The  fundamental  resonances  were 
determined at each peak by dividing the frequency of the nth 

peak by n.  This method was chosen over simply measuring 
the  difference  in  peak  locations  in  order  to  reduce 
measurement  error.   If  we model  the measured  frequency, 
fmeas, as the actual frequency,  f, plus an uncertainty term, e, 
the  fundamental  frequency,  fmeas/n, has  the  uncertainty 
reduced by a factor of n.
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n
= f
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Fig 5 shows the measured fundamental resonances, as well 
as  their  mean,  plotted  across  the  nth order.   The  standard 
deviation to the mean is only 2.2 MHz.  This reduction in the 
uncertainty leads to a standard deviation which is less than 
the frequency spacing, 6.1 MHz, of the scan.  The RMS error 
of the fundamental resonance is a remarkably low 0.12%.

Using  the  results  of  the  5  resonators,  an  average 
penetration  depth  of  281  nm with  a  standard  deviation  of 
only  2.9  nm  was  calculated.   Using  the  NbTiN  film's 
measured resistivity of 107  μΩ-cm and measured transition 
temperature  of  14.45  K,  BCS  theory  (Eq.  1)  predicts  a 
penetration  depth  of  285  nm,  in  good agreement  with  the 
measured values. 

B. TRL Measurements

TRL measurements  were  recorded over a range of  3-23 
GHz,  which  is  the  designed  bandwidth  of  the  single  line 
TRL  calibration.   All  TRL  calibration  standards  were 
measured as well as lines of varying length.  The calculated 
penetration  depth  of  281  nm,  from the  previous  resonator 
measurements,  was used to predict  the calibrated response. 
The  response  was  then  compared  with  this  theoretical 
prediction to first give qualitative evidence the calibration is 
working correctly.  Fig 6 shows this agreement and one can 
see that around 20 GHz, the calibration begins to fail.  TRL 
calibrations  are  only  valid  within  a  limited  bandwidth, 

determined by the length of the line standard, and this is near 
the upper limit.  For this reason, only data below 20 GHz was 
used  for  the  penetration  depth  calculations.   For  the 
quantitative results, the calibrated results were used to solve 
for the phase velocity as shown in Eq. 5.  Three of the five 
measured lines gave usable results and a penetration depth of 
284 nm with a standard deviation of 9.5 nm was calculated.

IV. CONCLUSIONS AND FUTURE WORK

Two methods of measuring penetration depth have been 
investigated.   Through  the  use  of  CPW  probes  and  a 
cryogenic probing station, both methods introduce a method 
of  non-destructively measuring penetration depth on-wafer. 
A  notable  benefit  of  using  CPW  probes  is  the  ability  to 
rapidly test multiple devices.  Previous methods through the 
use of dip-sticks and dicing of individual devices can take 
hours to test a single device.  Another benefit is that the on-
wafer  devices  can  be  incorporated  to  any  mask  set  that 
includes at least two superconducting layers and one oxide 
layer.  Both test structures can also be fabricated on the same 
wafer and tested side-by-side in the same testing setup.

The CPW-adapted resonator measurement has been shown 
to provide results which agree well with each other, as well 
as  BCS  theory.   This  method  provides  accurate  on-wafer 
penetration depth measurements and has shown consistency 
up to 50 GHz.

The  phase  measurement  devices  produced  results  for 
penetration  depth that  agreed  well  with both the resonator 
measurements and BCS theory.  When directly compared to 
the  resonator  measurements,  they  did  have  a  standard 
deviation nearly  3  times larger  and only 3 of  the 5 tested 
devices  showed  usable  results.   With  regard  to  these 
disparities, it should be noted that during the time of testing, 
an incorrect  model probe had been provided by LakeShore 
and had to be used.  The physical difference of the incorrect 
model resulted in difficultly with repeatable probe placement. 
Such  repeatable  placement  is  an  integral  part  of  any 
calibration scheme.

Fig. 6  The measured phase plotted alongside the phase predicted using the 
calculated penetration depth from the resonator measurements.  Agreement 
is seen across the band until around 20 GHz, where it is believed the TRL 
calibration reaches the upper limit of it's bandwidth.

Fig. 5  The fundamental resonances, Fn, and their mean plotted across the Nth 

order resonance from which they were determined.  The standard deviation 
is 2.2 MHz and the RMS error is 0.12%.
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The motivation of pursuing calibrated measurements can 
be seen in the simplicity of Eq. 5.  Phase velocity, and hence 
penetration depth, can be extracted from the TRL standards 
themselves with no additional devices.  The calibrated phase 
information of the line standard can be used to determine the 
phase velocity when such a calibration is perfected.  The line 
standard  for  TRL calibrations  is  generally  only  a  quarter-
wavelength at center frequency, a much shorter length when 
compared to the multiple-wavelength long lines required for 
resonance  measurements.  An  additional  benefit  is  that 
penetration  depth  results  can  be  obtained  from any  wafer 
where TRL standards are already present, such is the case for 
many wafers containing superconducting microwave circuits. 

For  future  work,  accurate  resonance  measurements  at 
frequencies up to 50 GHz will allow the testing of resonator 
devices  of  reduced  size.   Further  work  and  improvements 
will be made to the probe station in efforts to increase the 
accuracy of TRL calibrations.  The TRL calibration will be 
retested,  including additional calibration standards designed 
for higher frequencies.  It is also believed RF loss can be seen 
in  the  magnitude  of  the  transmission  coefficient  of  a 
transmission line inserted between our two reference planes. 
This idea will also be tested in future work.
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