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Abstract— High-energy-gap superconductors with low 

resistive loss and high-current-density tunnel barriers are 
important to increasing the operating range of THz electronics. 
This paper describes the development of superconducting NbTiN 
thin films and AlN tunnel barriers using ellipsometry analysis. 
NbTiN thin films were deposited by reactive DC unbalanced 
magnetron sputtering of NbTi in argon and nitrogen plasma onto 
a water cooled, grounded substrate. The effects of total 
sputtering pressure, gas ratio, working distance, and voltage 
elevation were examined.  AlN tunnel barriers were formed from 
DC magnetron sputtered thin films with the unique use of an ICP 
plasma source.  The results of this ellipsometry analysis, using 
both discrete in-situ and spectroscopic ex-situ ellipsometers, are 
discussed. 
 

Index Terms—AlN, NbTiN, Ellipsometry, Thin-Films. 
 

I. INTRODUCTION 
OR frequencies less than ~ 1THz, SIS junctions offer the 
lowest noise temperatures and  best sensitivity when 

compared with other heterodyne receivers, such as Hot 
Electron Bolometers or Schottkey Barrier Diodes [1]. Most 
SIS junctions are fabricated using niobium (Nb) for both 
superconductor layers and aluminum-oxide (AlOx) for the 
insulator layer. Below the gap frequency of Nb (~700 GHz), 
these devices have reached sensitivities of two to fives times 
the quantum noise limit [2]. To operate SIS devices at higher 
frequencies with lower losses, a superconductor with high 
critical temperature, TC, is needed for low loss, and to avoid 
undesired gap and Josephson current effects. In addition, 
better tunnel barriers are needed for SIS junctions with 
smaller leakage currents and at higher current densities 

Several groups [2-6] have replaced Nb with niobium-
titanium-nitride (NbTiN), which has a theoretical energy gap 
~ 1.7X that of Nb and could allow NbTiN circuits to have low 
loss up to 1.2 THz. NbTiN films have been found to have TC 
up to 17K with the highest TC being those deposited on heated 
or RF biased substrates [3]. Resistivities typically range from 
50 µ-ohm-cm to 150 µ-ohm-cm. NbTiN films are 
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predominantly under compressive stress with values ranging 
from a few MPa to several GPa, depending on deposition 
conditions. Thin films of NbTiN can be deposited by reactive 
RF and DC magnetron sputtering of NbTi in a plasma of 
argon and nitrogen. The quality of deposited films is strongly 
dependent on sputtering pressure and Ar:N2 gas ratio. 

Changes in sputtering pressure have a large effect on the 
resistivity and stress of the sputtered film. Sputtering at lower 
pressures (~4-6 mTorr) yields films with lower resistivities, 
but higher compressive stresses. Often a compromise is made 
in choosing a film with as low a resistivity as possible with a 
stress still low enough to be used for fabrication. Multiple 
approaches have been taken to maximize the TC of NbTiN by 
adjusting the Ar:N2 ratio. Nitrogen flows need to be large 
enough to create a N/NbTi ratio of ~1 in the deposited film. 
Below this concentration, the TC is significantly degraded and 
above it, an increase in resistivity is observed [6]. References 
[3] and [5] select a pressure that results in a low resistivity and 
reasonable stress and then adjust the ratio to achieve the 
highest TC. Reference [4] proposed using the voltage 
elevation, ∆U, the increase in cathode voltage that occurs 
when nitrogen is added to an argon plasma, as an indicator of 
the gas ratio and a way to maintain a high TC for various 
sputtering pressures, gas ratios, and discharge voltages. In 
addition, [4] and [6] found that the TC of their NbTiN films 
could be maintained over the life of the target by monitoring 
∆U.  

Higher frequency operation also requires tunnel barriers 
compatible with higher critical current densities. At current 
densities much above ~1E4 A/cm2, the leakage current of 
traditional AlOx barriers rapidly increases due to defects in the 
AlOx layer [7]. Recent research with aluminum-nitride (AlN) 
barriers shows much less leakage at high current densities but 
with material electrical properties similar to AlOx. Reference 
[7]  created AlN barriers by placing the Al substrate on an RF-
driven electrode in a nitrogen plasma. Junctions with low jC 
(jC < 5kA/cm2) displayed unusually high subgap leakage 
currents in comparison with high jC junctions. The leakage 
was attributed to damage caused to the growing film by 
bombardment of energetic nitrogen ions in the plasma. To 
limit damage to the growing film from the plasma, reference 
[8] placed the Al substrate on a grounded electrode opposite 
the RF-driven electrode. Using a similar arrangement, 
reference [9] was able to achieve a plasma potential 
approximately equal to the plasma floating potential with the 
energy of N2

+ ions in the plasma less than 21eV. 
Junction resistance has been found to increase with plasma 
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power, indicating a thicker barrier, as more energetic ions can 
penetrate deeper into the aluminum substrate. Changes in the 
pressure of the plasma were found to have little or no effect on 
junction resistance. Junction resistance increased with 
increasing nitridation time, but has been found to saturate over 
time following the initial increase [8,9]. This suggests that the 
thickness of the tunnel barrier saturates with ion dose, 
although the relationship between junction resistance and 
nitridation time is not fully understood.  

Currently, the methods for evaluating the quality of NbTiN 
and AlN thin films for use in superconducting devices require 
fabrication of numerous test devices and are very time 
consuming. It would be highly beneficial to have a means of 
evaluating these materials without fabricating test devices. 
One such possible method uses ellipsometry. Ellipsometry is a 
non-destructive optical method for analyzing thin films. 
Polarized light incident on the sample surface is reflected and 
the change in polarization parameters ∆ and Ψ is measured. 
By comparing the measured data with theoretical models 
based on the material’s optical properties, the thickness and/or 
optical properties of the sample can be determined. Discrete 
ellipsometry (single wavelength) works best with a one or two 
layer structure in which the material properties are well known 
and is capable of measuring film thicknesses of a few 
angstroms in in-situ vacuum measurements. Spectroscopic 
ellipsometry (multiple wavelength) works well with thicker 
films and films whose material properties are unknown. It is 
capable of analyzing several layers in a multilayer structure 
[10].  

 

II. EXPERIMENTAL METHODS 
The NbTiN films in this paper were deposited by reactive 

DC magnetron sputtering, using an AJA model A330 
sputtering gun in constant current mode in a vacuum system 
with a base pressure in the low 1E-8 Torr range. NbTi targets, 
78 wt% Nb with a 3” diameter and 0.25” thickness, were 
manufactured by GfE of Germany. All wafers were loaded 
into the vacuum system the day before deposition and the 
system was allowed to pump overnight. Prior to deposition, an 
in-situ argon plasma clean was performed. Argon and nitrogen 
gas flow rates were controlled by independent mass flow 
controllers. A pressure-controlled, throttling gate valve on the 
vacuum pump was used to set the total sputtering pressure. 
Wafers were attached to a substrate block using Apiezon-L 
ultra high vacuum grease for thermal conduction and a 
clamping ring to gently secure the wafers to the block. The 
substrate block was positioned in an electrically grounded, 
12°C water cooled platter above the sputtering guns. 

To evaluate the quality of films deposited under a variety of 
conditions, stress, resistivity, critical temperature, refractive 
index, and extinction coefficient were measured. Film stress 
was calculated by measuring the change in wafer curvature 
due to the deposited film using a Frontier Semiconductor 
Measurements Inc FSM-8800 laser based stress tool. The 

thickness of the film was measured by a profilometer on a 
pattern created using a liftoff process. Resistivity was 
calculated using a Signatone four point probe. Critical 
temperature was determined by the dependence of the film’s 
resistance on temperature. The refractive index and extinction 
coefficient of the films were measured using a UVISEL 
spectroscopic ellipsometer from HORIBA Jobin Yvon. 
Measurements were taken at angle of 70° from 232.8nm to 
732.8nm with 10nm wavelength increments. Because the 
thickness of the films is greater than the penetration depth of 
the light in the films, the films were treated as a single 
substrate layer. 

AlN films were deposited using an Al overlayer process. 
100nm of Al was sputtered on a 50mm diameter SiO2/Si 
wafer. At this thickness, the Al film is optically opaque and 
acts as a substrate, allowing the wafer to be ignored in the 
ellipsometry models. The nitrogen plasma was formed using 
an inductively coupled plasma (ICP) source from CCR 
technology. The use of an ICP allows for separate control of 
ion energy and ion current density. The manual energy setting 
on the ICP source ranges from E(0) to E(10). The exact ion 
energy of the plasma is not know at this time, but it is believed 
to vary linearly from ~20eV to ~175eV. The ICP source 
provides a narrow Gaussian ion energy distribution (∆E/E less 
than 10%) and high spatial uniformity [11].  

The thickness of the AlN layer was measured in-situ using a 
Digisel discrete ellipsometer from HORIBA Jobin Yvon with 
a wavelength of 632.8nm at an angle of 75°. For films below 
~100Å, the change in  ∆ is directly related to a product of the 
refractive index and thickness [10]. The AlN films were 
modeled with a fixed index of refraction and varying 
thickness. This mode of film synthesis has been observed in 
the formation of AlN films by ion-assisted evaporation [12]. 
The ICP source was run for 5 minutes prior to nitridation to 
obtain proper tuning conditions, tuned off and then restarted 
with the wafer in place. Data was taken for one minute prior 
to plasma ignition and after plasma extinction to verify that 
light generated by the plasma was not altering the data. Al 
films were exposed to nitrogen plasmas with varying  ion 
current density (RF power) and ion energy (energy setting) 
conditions.  

III. RESULTS 

A. Niobium-titanium-nitride 
Five sets of approximately 100nm thick NbTiN films were 

deposited to examine the effects of sputtering conditions on 
film quality and optical properties. The films were deposited 
using various combinations of pressure, Ar:N2 ratio, source 
current, and working distance. Spectroscopic ellipsometry was 
used to evaluate the NbTiN films to allow for comparison of 
optical properties at a given wavelength and their change with 
wavelength. The data presented in this paper are from the 
scans at 632.8nm. This wavelength was chosen to allow for 
direct comparison between the ex-situ spectroscopic and in-
situ discrete ellipsometers. 
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The relationship between film stress and optical properties 
is shown in Figure 1. There appear to be two distinct 
relationships in the plot. The data points lying along the 
dashed lines were deposited at varying pressures, Ar:N2 
values, source currents, and working distances. The data 
points along the solid line were deposited at varying Ar:N2 
ratios and working distances, but with the same pressure and 
source current. Although the optical properties can not be 
used as an indicator of film stress, the graph does point out 
some trends that are also seen in the following figures: the 
refractive index and extinction coefficient have an inverse 
relationship and the values plateau with a minimum refractive 
index of ~1.6 and a maximum extinction coefficient of ~3.0. 
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Figure 1. Refractive index and extinction coefficient as functions of stress. 
The points lying along the solid line were all deposited at a pressure of 4 
mTorr.  

 
The relationship between resistivity and optical properties 

is shown in Figure 2. The figure shows a roughly logarithmic 
relationship with the refractive index decreasing and 
extinction coefficient increasing as resistivity decreases. As 
the resistivity reaches its lowest values there is a rapid change 
in the optical properties. Remarkably there are no large 
discontinuities in the curve despite the large variety of 
conditions used to deposit the films. This implies that the 
optical properties can be used as an indicator of the film’s 
resistivity.  
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Figure 2 Refractive index and extinction coefficient as functions of resistivity.  

 
The relationship between critical temperature and optical 

properties is shown in Figure 3. As with resistivity, a strong 

relationship between critical temperature and optical 
properties is seen with the refractive index decreasing and 
extinction coefficient increasing as the TC increases. For TC 
above 14K, it becomes difficult to distinguish between the 
optical properties of the films. The four films with TC above 
14K were deposited at 4mTorr with 1.0A source current and 
∆U between 10 and 25V. The maximum TC occurs at ∆U of 
25V with the TC decreasing for ∆U above or below this value. 
If the voltage elevation is continually decreased, the value of 
the optical constants should move towards those of a NbTi 
film. Improved ellipsometry models including a layer of 
surface roughness may help to distinguish between these 
films.  
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Figure 3.  Refractive index and extinction coefficient as functions of critical 
temperature. 

B. Aluminum-nitride 
Al films 100nm thick were exposed to nitrogen plasmas of 

varying ion energies and current densities for 5 min to 
examine the growth of the AlN layers. The growth was 
monitored in-situ using a Digisel discrete ellipsometer from  
HORIBA Jobin Yvon at incident angle of 75°, wavelength of 
632.8nm, and 0.5 second data collection rate. The first set of 
films was used to examine the effect of ion energy on AlN 
thickness. The films were deposited at a pressure of 2 mTorr, 
RF power of 150W and energy settings of E(2), E(5), and 
E(8). The resulting thickness-time curve is shown in Figure 4. 
The figure shows an increase in ultimate AlN thickness with 
increasing ion energy setting.  This is expected with higher 
energy ions penetrating further into the Al film. 
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Figure 4. AlN thickness as a function of ion energy setting (Film A E(2), Film 
B E(5), Film C E(8) ). The film was exposed to the plasma for the 5 minute 
time period between the two vertical lines.  

 
A second set of films was used to examine the effect of RF 

power on the AlN thickness. The films were deposited at 2 
mTorr, E(2), and RF powers of 150W, 300W, and 450W. The 
resulting thickness-time curves are shown in Figure 5. At first 
glance it appears that the thickness of the AlN layer is 
increasing with RF power, but further examination suggests 
that the thickness saturates. During the first few seconds of 
plasma exposure, the thickness of films D and E rapidly 
increases compared with film A. At the end of the 5 minute 
plasma exposure, the thickness of film A was still increasing 
while that of films D and E had leveled off with both films at 
similar thicknesses. This suggests that if the exposure time for 
film A was increased the film thickness would eventually 
reach that of films D and E. 
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Figure 5. AlN Thickness as a function of RF power (Film A 150W, Film D 
300W, Film E 450W). The films were exposed to the plasma for the 5 minute  
time period between the two vertical lines. 

 
A third set of films was deposited with an energy setting of 

2 and 150W RF power with plasma exposure times of 1min, 
5min, and 10 min. The film thickness were 10Å, 18Å, and 
20Å respectively, showing a saturation of the film thickness 
over time for given ion current density. Repeated deposition 
using the same ICP conditions produced thickness-time curves 
with thickness variations of less than 1Å. The thickness 
measurements have initially been verified by ex-situ 
spectroscopic ellipsometry. Further verification will be done 
in the future by fabricating devices and examining I-V curves. 
As this process can take several weeks for a single wafer, the 
advantages of using in-situ ellipsometry to perform this 
analysis in real-time are apparent.   

IV. CONCLUSIONS 
We have shown that ellipsometry can be used to monitor 

the deposition process for both NbTiN and AlN films. For 
NbTiN films the change in optical properties directly reflects 
the change in the materials critical temperature and resistivity. 
This can be used to monitor the quality of the film made at 
different times and, because it is non-destructive, can even be 
used to directly monitor films to be used in actual devices.  

In-situ discrete ellipsometry has been used to measure the 
thickness of AlN layers formed by plasma nitridation. The use 
of an inductively couple plasma source has allowed us to 
control ion energy and current density independently. This has 
allowed for a direct study of the effects of changing ion 
energy and ion current density on the thickness of the films. 
We have found that the thickness of the films is strongly 
dependent on the ion energy and the ultimate thickness of the 
films has a negligible dependence on the ion current density 
with the thickness saturating over time. If a plasma with a 
sufficiently low ion energy, corresponding to the desired film 
thickness, is used, the sample can be exposed to the plasmas 
for an extended time without increasing the barrier thickness. 
This may allow for formation of films with fewer vacancies 
and smaller leakage currents in finished devices. 
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