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Abstract

Niobium nitride (NbN) thin films are an attractive platform for various classical and quantum tech-
nologies due to their relatively high superconducting transition temperature (Tc ∼ 17 K) and kinetic
inductance fraction. Thin films of NbN are often produced via reactive DC magnetron sputtering, which
allows for controlled growth of the superconducting δ-NbN phase. The properties of sputtered NbN,
however, are highly sensitive to film impurities and sputtering parameters such as target power den-
sity, Ar flow rate, N2 flow rate, substrate temperature, and substrate bias. In this work, we explore
this parameter space to sputter thin films of NbN. To determine the quality of our sputtered films, we
perform room temperature resistivity measurements, X-ray crystallography, and X-ray photoelectron
spectroscopy. Thereafter, we pattern the films into microwave resonators which can be measured at 4
- 15 K to determine the critical temperature. This report describes our recipe for sputtering NbN and
demonstrates a wide parameter window that allows for a low room temperature resistivity ρ ∼ 200 µΩ
-cm, a moderate superconducting transition temperature Tc ∼ 8 K, and an internal quality factor of up
to Qi ∼ 800. These results demonstrate a path towards high-quality superconducting films using shared
tools at the Stanford Nanofabrication Facility (SNF).
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1 Introduction & Background
Superconducting NbN films have been widely used in a variety of emerging quantum- and nano-devices such
as superconducting nanowire single photon detectors (SNSPDs) [1, 2] and Josephson junctions [3]. Materials
in the superconducting phase have zero DC electrical resistance and internal magnetic field (the Meissner
effect). Unlike traditional conductors, where the current can be described by moving electrons, the electrical
fluid in a superconductor consists of bound pairs of electrons called Cooper pairs [4]. Cooper pairs are crucial
to the operation of SNSPDs and Josephson junctions, therefore these devices require very low temperatures
well below the material’s superconducting critical temperature Tc. NbN is a commonly used material for
superconducting nanodevices due to its relatively high Tc. A typical value of the critical temperature of
NbN is around 10 K, although temperatures as high as 17 K have been reported [5–8]. Moreover, NbN can
be deposited through physical sputtering, which has much higher deposition rates compared to some other
methods such as atomic layer deposition (ALD).

1.1 Reactive DC Magnetron Sputtering
Sputtering of NbN works by flowing argon (Ar) gas into an ultra-high vacuum chamber to form an Ar+
plasma, as illustrated in Figure 1. The plasma is confined near the surface of the target material (Nb in this
case) and densified by a magnetic field. A DC voltage is applied to the target which accelerates the Ar+ ions
down towards the target surface. When an Ar+ ion bombards the target, it releases one or more atoms of
Nb with relatively high kinetic energy which travel up towards the substrate. These Nb atoms collide with
N2 gas which is flowed into the chamber in order to form NbN which is then deposited onto the substrate.
This process is known as reactive DC magnetron sputtering.

Figure 1: Diagram of the physical sputtering process for NbN deposition. Ar+ and N2 gas are flown in.
Nb particles are ejected and deposited onto the substrate, forming a film of NbN. The RF substrate bias
and temperature are two parameters that can affect the outcome of the sputtering deposition.
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1.2 Sputtering Parameters
There are many sputtering parameters which affect the quality of the deposited film, including target power
density, Ar flow rate, N2 flow rate, substrate temperature, and substrate bias [7, 9]. In general, the sputtering
of nitride films is most successful when using the highest target power density and lowest partial pressure
of Ar possible while still maintaining a plasma in the chamber [10]. With higher power densities the target
is more heavily bombarded with gas ions, resulting in higher deposition rates and more energetic Nb atoms
incident upon the substrate. This also gives less time for impurities to accumulate on the deposition surface
per unit thickness of NbN. With lower partial pressure of Ar, the Nb atoms incident upon the substrate
have a longer mean free path and are able to arrive at the substrate surface with higher energy and mobility,
allowing for more dense film growth.

N2 flow rate is another key parameter governing film growth. The ratio of N2:Ar in the chamber during
deposition will directly determine the stoichiometry of the deposited film, which has a significant impact
on film quality [11]. The ideal ratio of N2 to Ar gas leads to a 1:1 balance between nitrogen and niobium
deposited on the substrate, allowing for stoichiometric grains of NbN to form. Substrate temperature and
bias determine the adatom mobility of material which arrives at the substrate [9]. For higher temperatures
and bias, the arriving Nb and N atoms have more energy to settle into favorable states, allowing for dense
films with reduced impurities and void structures. Certain temperatures and biases, however, have been
shown to promote growth of unwanted phases of NbN such as the hexagonal δ′ and β phases [12].

Overall, developing a sputtering recipe for high-quality NbN is a multi-dimensional optimization problem.
In this project, we are interested in the sputtering of NbN using a room temperature substrate such that its
potential applications include the fabrication of all-nitride Josephson junctions [3]. This designates N2 flow
rate and substrate bias as the two most important sputtering parameters to be adjusted, once target power
density and Ar flow rate have been determined.

1.3 Substrate Material
In addition to sputtering parameters, the choice of substrate has also been shown to have a drastic effect
on superconducting critical temperature for sputtered thin films [13]. Large lattice mismatches between
substrate and film result in decreased Tc and polycrystalline film structure, while small lattice mismatches
can result in maximal Tc and single-crystal structure of NbN. Additionally, substrate crystal structure can
promote the growth of particular phases of NbN [13]. In some cases, rather than being forced to fabricate on
a particular substrate, researchers will grow thin buffer layers of material to lattice-match to their particular
thin film. Thin buffer layers have been shown to be an effective tool in promoting lattice-matching and
improved Tc for NbN in particular [3, 12, 13].

Other factors can also influence the choice of substrate for a particular application, such as ease of fabrication
and loss mechanisms. For microwave systems, for example, amorphous oxide substrates are particularly lossy
and are a poor choice for microwave resonators [14]. We discuss this in greater detail in section 4.5. In some
cases, particularly for DC characterizations such as resistivity, an insulating substrate may be best.

In this project, we elect to use high-resistivity silicon due to its low loss at microwave frequencies, low cost,
accessibility and ease of integration with existing fabrication methods. Its relatively high lattice mismatch
of 18% (aNbN = 4.46 Å vs. aSi = 5.43 Å) will reduce the superconducting critical temperature of deposited
films and produce randomly-oriented polycrystalline grains, but should still allow for the optimization of a
substrate-independent deposition process. We prepare films on 500 µm thick single-side polished undoped
high resistivity silicon (ρ > 10000 Ω-cm) purchased from University wafer (item 3811). While no significant
pre-processing of these wafers is required before film deposition (e.g. thermal oxide growth), we do ensure
that they undergo an RCA clean before deposition (see section 3.6).
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1.4 Film Characterization
Ultimately, the best characterizations of the quality of a superconducting film are measurements of Tc and,
if applicable, measurements of the internal loss rate κi of an electric field inside the film at frequencies and
temperatures of interest. While these cryogenic characterizations provide the most direct evaluation of film
quality, they are expensive in both time and resources.

Luckily, it is possible to obtain good evaluations of film quality at room temperature, which in some cases
are correlated directly with superconducting properties [15]. High quality NbN films typically have low
room temperature resistivity, usually on the order of 100 µΩ cm, with lower resistivity films being of higher
quality [1]. X-ray crystallography can provide information about the nanostructure of a film, including
crystal orientation, size, and density. A 111-orientation corresponding to the superconducting δ-NbN phase,
large grain size, and high film density are all correlated with high Tc [7]. Additionally, X-ray photoelectron
spectroscopy can be used to determine the occurrence of impurities in the film, which will adversely affect Tc.

In this work, we conduct measurements of room temperature resistivity, X-ray crystallography, and X-ray
photoelectron spectroscopy to evaluate film quality immediately following deposition. From these room
temperature measurements, we identify a subset of films which display the best electronic and structural
properties to be tested at cryogenic temperatures.

Cryogenic evaluation of the films consists of patterning resonators onto the NbN film using photolithography
and then observing the resonator response as they are cooled to 4.2 K in a closed-cycle cryostat. When the
temperature of the resonator is below the critical temperature of the NbN film, we expect to see resonsant
dips in the transmission spectrum, corresponding to the resonant modes that can only exist when the film
is in the superconducting state. Above Tc, the film returns to the normal state and the resonant modes
disappear. While this is an approximate method of determining Tc, compared to a more thorough DC 4-
point probe measurement, it allows for more rapid testing and is sensitive enough for the films sputtered in
this work. This measurement scheme also allows us to determine the intrinsic quality factor, Qi, of each mode
by fitting the peak with the expected Lorentzian function. A higher Qi value indicates a higher-quality film
with low internal loss. Typical Qi values for NbN microwave resonators at 4.2 K are about 1000, although
Qi can depend on the power of the signal used to measure the resonator.

2 Benefits to the SNF Community
Although commercial superconducting NbN films are available, the ability to reliably deposit high quality
NbN films in a shared tool can be beneficial to many in the SNF community. This work will add to the
material processing capabilities of SNF by:

• Creating an SOP in the Lesker2 to deposit high quality NbN films

• Providing a framework for developing and testing future sputtering recipes

• Expanding the ability to test high Tc superconductors in SNF at low cost

• Determining the most important metrics for evaluating NbN film quality at room temperature

• Building a repository of NbN film and sputtering parameters

3 Process Development
Standard room temperature characterizations of thin films of metal include profilometry, resistivity, X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS); all of which are explained below.

A few preliminary experiments were conducted prior to sputtering NbN in order to set some of the more
basic sputtering parameters. First, thin films of pure Nb and Ti were deposited using the Kurt J Lesker 2

ENGR 241: Advanced Micro and Nano Fabrication Laboratory — Spring 2022 4



Matthew Maksymowych, Luke Qi, & Erik Szakiel June 10th, 2022

Sputter Deposition Tool (Lesker2) system in SNF, detailed in section 3.4. Resistivites and deposition rates
were compared to the Lesker3 system at SLAC (operated by Don Gardner). These results were used to
finalize a proper target power and gas flow pressure, and allowed us to compare the Lesker2 conditions with
a working system. Next, a fine measurement of the N2 preconditioning hysteresis curve was performed in
the Lesker2 in order to accurately determine the ideal range for the N2 flow rate, detailed in section 3.5.

Once the target power, gas flow pressure, and N2 flow rate range have been calibrated, we began sputtering
NbN and performing the room temperature characterizations.

3.1 Film Thickness and Resistivity Measurements
Since thin films of metal are not transparent, traditional ellipsometry measurements do not work. To mea-
sure film thickness, we draw a radial line across our wafer substrate prior to deposition using a permanent
marker, shown in figure 2(a). After sputtering, the marker line can be easily lifted off using acetone and
IPA, exposing the wafer underneath. The height difference between the wafer surface and metal film surface
is measured using a surface profilometer, either the Alphastep 500 Profilometer in SNF or the Dektak XT-S
Stylus Profiler in SNSF.

The Prometrix Resistivity Mapping System in SNF uses a four-point DC probe measurement scheme for
determining resistivity, shown in figure 2(b). Four points touch down onto the film material; current is
forced through the outer two probes, while voltage is measured across the two inner probes, figure 2(c).
The Prometrix uses the constant spacing between each of the probes to report the sheet resistance in Ω/sq.
Multiplying the sheet resistance by the thickness of the film gives the standard resistivity in Ω-m.

Figure 2: (a) A 4 inch wafer with a Ti thin film deposited via sputtering. After liftoff with solvents, the
marks can be distinguished from the rest of the reflective metal. (b) A Ti sample loaded in the Prometrix
for resistivity measurements. (c) A diagram of the four-point probe measurement apparatus.

3.2 XRD Measurements
X-ray diffraction measurements were performed using the PANalytical X’Pert 2 system located in the Mc-
Cullough Building (Stanford University). Using a grazing incidence measurement, the x-ray incident angle
can be swept asymmetrically. The location of the peaks in the reflected spectrum can be compared known
NbN spectra from various databases. Fitting to the width of each peak allows one to calculate grain size,
and determining the location of each allows one to determine the grain orientation.

Five NbN XRD spectra are plotted in figure 3 with the known NbN crystal orientations overlayed with black
vertical lines. The 111-orientation corresponds to the superconducting δ-NbN phase. The peaks line up well
with the known values of the NbN phases, with the exception of sample 2B, which was deposited with a 50
W rf substrate bias applied. The substrate bias shifts the peaks to smaller angles, which is consistent with
previous literature [7].
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Figure 3: XRD spectra of calibrating NbN samples. Samples 0A, 2A, 2B were all deposited at a N2 : Ar
flow rate of 4%. Sample 1A was deposited at N2 : Ar = 5%, 1B at N2 : Ar = 10%.

3.3 XPS Measurements

Figure 4: Fundamentals of XPS. Left, an incoming X-ray photon is absorbed by an atom and ejects a
photoelectron from an inner shell in the process. Right, an X-ray beam is generated via the absorption of
an electron beam by an anode. This X-ray beam is filtered and then focused on the surface of a sample.
Emitted photoelectrons are collected by an analyzer where they are filtered according to their kinetic energy
and measured by a detector. Figure from [16].

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic technique used to evaluate the
elemental composition of a sample. In XPS, an X-ray beam is generated and focused onto the surface of a
sample where it penetrates several microns deep. As the beam penetrates into the sample, X-ray photons
are absorbed by atoms and knock out inner shell electrons as depicted in Figure 4. These photoelectrons
then leave the surface of the sample and are then collected by the analyzer, which sorts photoelectrons by
their kinetic energy. The kinetic energy of each photoelectron is given by

KE = Eγ − BE − ϕ∗ (1)

where Eγ is the energy of an X-ray photon, BE is the binding energy of the electron, and ϕ∗ is the work
function of the material (with adjustments to account for systematic effects from the instrument itself). Since
Eγ and ϕ∗ are known, and KE is measured by the instrument, XPS can determine the binding energy of each
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detected photoelectron. This allows for identification of not only elemental composition but, in some cases,
allows the inference of particular bonding states of each element [17]. XPS is considered surface-sensitive
because these photoelectrons have a shallow escape depth of a few nanometers, but in-situ sputtering systems
allow for the sample bulk to be measured as well.

In this project, we used the PHI VersaProbe III located in the McCullough Building to analyze the elemen-
tal composition of our deposited samples. Particularly, we were concerned that oxygen had contaminated
certain films during deposition, resulting in heightened resistivity and poor film quality. In order to measure
the bulk of the sample and eliminate surface oxidation, we sputtered each sample with an Ar+ ion gun
operated at 2kV, 1.5µA, and a 2mm x 2mm raster area for 8 minutes. This ion sputter time was determined
by conducting a depth profile of a sample of NbN and finding a point at which the oxygen content of the
sample reached a steady state. The sputter rate was assumed to be similar for all samples of NbN within
the design of experiment.

Figure 5: Results from XPS. (a) Ratio of oxygen to niobium content in samples, plotted across the ratio
of N2:Ar and for varying RF substrate bias. (b) Ratio of nitrogen to niobium content in samples, plotted
across the ratio of N2:Ar and for varying RF substrate bias. (c) Typical high-resolution spectra for oxygen,
nitrogen, and niobium. In niobium, a more complex peak structure emerges due to different bonding states
(nitrides, oxides, and unbonded metal) in the bulk of the sample.

The results of XPS analysis on samples of NbN are depicted in Figure 5. Notably, we find that the highest
resistivity values across all samples of NbN can be attributed to high levels of oxygen content in the films.
Particularly for low RF substrate bias, oxygen easily contaminates the film. The shape of the curve in Fig-
ure 5a indicates that the Ar gas line of the Lesker2 is a likely source of oxygen in the system – as N2 gas flow
is increased, Ar gas flow is decreased, and we see the oxygen content of the film decrease accordingly. This
data indicates the existence of a critical RF bias above which oxygen impurities will be removed from the film.

The N/Nb ratios reported in Figure 5b seem to indicate that all sputtered films are extremely nitrogen
deficient, since a stoichiometric film should yield N/Nb ∼ 1. This result, however, should be taken with
caution. When sputtering with an argon ion beam, nitrogen is preferentially sputtered more quickly than
niobium [18]. This leads to a nitrogen deficient surface and thus an artificially low N/Nb ratio. The au-
thors in [18] found concentration gradients induced by Ar+ sputtering to be as much as 50% in some cases.
Thus, we do not believe the N/Nb ratios originating from XPS accurately identify the stoichiometry of the
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deposited films.

There still exists more opportunity for film characterization using XPS. The niobium spectrum in Figure 5c
shows evidence of multiple sub-peaks, which could be analyzed to determine bonding states of niobium in
the film. Overall, however, due to the drastic preferential sputtering rates, we recommend other avenues for
film stoichiometry analysis. The electron microprobe affiliated with the Stanford Microchemical Analysis
Facility or a Time-of-Flight Secondary Ion Mass Spectrometer (ToF SIMS) could be used for more accurate,
less biased measurements of elemental film composition in the future.

3.4 Nb and Ti Deposition
Niobium and titanium were deposited for 30 minutes using the preinstalled targets in the Lesker2. Depo-
sitions were performed at a target power of 100 W and 200 W. Sheet resistivity of the films was measured
using the Prometrix in SNF (described in section 3.1) and compared to the bulk resistivity of Nb and Ti. In
general, the resistivity of materials in thin films is higher than the bulk value.

Figure 6 shows the film resistivity and deposition rates of Nb and Ti. The black values from the SNF Lesker2
system are compared to those from the Lesker3 at SLAC (red values). Evidently the target power did not
significantly affect the film resistivity. The film resistivity both in the Lesker2 and Lesker3 were quite higher
than the bulk value, as expected, although the Lesker3 had lower values. This difference in resistivities can
be attributed to the lower base chamber pressure before deposition (1× 10−9 torr at SLAC vs. 5×10−8 torr
at SNF), indicating less impurities in the SLAC system. The deposition rate in the Lesker2 was also around
2.25x smaller than that in the Lesker3, which can be attributed to the different cross-sectional areas of the
targets (2 inch vs. 3 inch in radius). The 2.25x lower deposition rate allows for more impurities to enter
the film during the deposition, leading to more impurities per unit thickness. As a result, when calculating
the resistivities the Lesker3 films we find that they differ by a factor of roughly

√
2.25 = 1.5. These results

indicate the importance of starting sputtering depositions with as low a base chamber pressure as possible.

Figure 6: Tables of the resistivity and deposition rates of Nb and Ti sputtered films. Red values are
measured from the Lesker3 system by Don Gardner (SLAC), while black values were measured by us using
the Lesker2 system at SNF.

3.5 N2 Hysteresis Curve
Preconditioning the Nb target for depositing NbN requires first poisoning the Nb target with N2 gas before
setting the desired operating point [6]. This process involves slowly stepping the N2 : Ar flow rate from 0%
to 100% in fine increments with the shutters closed until the Nb target is fully saturated with N2. When
ramping down the N2 flow rate, the trajectory of the target voltage will take a slightly different path, due
to lingering effects of N2 on the niobium target, creating the well-known hysteretic curve shown in figure 7(a).
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An optimal N2 flow rate occurs where this curve has the largest change, as it indicates a delicate balance
between the amount of N2 being deposited onto the niobium target and the substrate, hopefully leading to
the deposition of stiochiometric NbN. As shown in figure 7(b), an optimal flow rate for the Lesker2 is around
4% to 10%. For the purposes of repeatability, the N2 flow rate is always set after poisoning the Nb target
by stepping along this hysteresis curve.

Figure 7: (a) N2 hysteresis curve from [5]. (b) Measured N2 curve in the Lesker2.

3.6 NbN Deposition
Once the preliminary work is finished, the deposition of NbN is quite straightforward and repeatable. The
first step is to remove any trace organics, metals, or oxides on the wafers using a standard RCA clean. It is
important to limit any potential sources of impurities during the deposition as this can significantly hinder
the achievable Tc. To start off the deposition with a low chamber pressure, we either wait for the pressure
to continue pumping down, or run a ten minute titanium burn-in to expel trace impurities and then wait
for the pressure to settle down. We have found that around 5 × 10−8 Torr is an acceptable base chamber
pressure. The sputtering parameters that we have fixed are the target power (100 W), and gas flow pressure
(5 mTorr). The N2 flow rate is always set by stepping along the hysteresis curve.

Twelve NbN samples were deposited in a design of experiment, discussed in section 5. Film thickness and
resistivity measurements were performed for each NbN sample. XPS measurements were also performed on
each NbN sample, but XRD measurements were performed only on a small subset of samples before the tool
went offline due to a maintenance issue. A complete XRD characterization of all samples is worth while in
the future. The most promising NbN samples were selected to pattern resonators and perform Tc and Q
measurements, discussed in great detail in section 4.

We outline the complete recipe in our NbN Sputtering Standard Operating Procedure.

4 Resonator Fabrication and Measurement
Characterization of thin film NbN performance requires access to an environment below the expected crit-
ical temperature (≤ 17 K). The traditional approach to measure Tc is the four-point probe method, which
measures DC conductivity while avoiding contact resistance [19]. Other approaches include AC/DC sus-
ceptibility methods [20], the use of a SQUID magnetometer [21], and microwave resonator measurements
[22–26]. The latter direction is pursued in this work, as it maximizes the number of films characterizable
per cooldown while enabling estimation of the critical temperature and film quality through the resonance
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characteristics. The presence of superconductivity, for instance, can be easily verified by measuring the red-
shift of the resonant modes as a function of power and temperature (see section 4.4). Additionally, modes at
temperatures above Tc would not be measurable at all due to the drastic increase in circuit resistance, which
provides an accurate estimate of Tc. To perform this measurement on our films, we have developed a general
procedure for patterning sputtered NbN. Our specific designs (planar microwave resonators) have utility
in quantum information science [27–31], microwave kinetic inductance photon detectors (MKIDs) [32, 33],
electro-optic devices [27], nano-electromechanical systems (NEMS) [30, 34, 35] and in fundamental studies
of quasiparticle dynamics in superconductors [33, 36]. In the following subsections, we unpack the physics of
this resonator and justify our design choices (sections 4.1, 4.2 and 4.3). Next, the full fabrication procedure
is detailed in sections 4.5, 4.6 and 4.7. Our procedure requires only a single photolithography mask. The
measurement protocol is then detailed in section 4.8 before presenting our results in section 5.1.

4.1 Introduction to On-Chip Microwave Resonators
The simplest electromagnetic resonator to fabricate and characterize is comprised of a single stripline waveg-
uide. The fundamental mode has a resonance wavelength set by the quarter length of the waveguide:

λres = L/4 = c/nefffres (2)

In this expression, neff is the effective refractive index of the waveguide (NbN), c is the phase velocity of light
in free space and fres is the standing wave resonance frequency. By standard photolithography, patterning a
resonator with length L on the order of 1000 µm is trivial. Such a device would have a resonance frequency
of 1 - 10 GHz. At such microwave frequencies, a multitude of technologies are commercially available for
measuring the resonances. Our approach is detailed in section 4.8. Although film characterization at room
temperature, such as resistivity and film stress, requires wafer-scale films, cryogenic characterization becomes
much more feasible with chip-scale films (e.g. 5 x 10 mm) due to limited space inside a cryostat. Further, a
microwave frequency characterization requires the substrate to be bonded to a printed circuit board (PCB),
which is attached to a copper plate to ensure proper thermalization. Our PCBs are too small to hold wafer
pieces greater than 1 cm x 1 cm. An image of our resonator chip design is shown in figure 10 panel 3.
Moving from wafer- to chip-scale has an effect on the patterning process, resonator design and CAD design
layout. To maximize the utility of on-chip real estate, the resonator waveguide is curved into a meander (see
section 4.2). On each chip, six meander resonators are patterned with different length such that they are
frequency multiplexed. This is done to avoid overlapping of the resonant modes in frequency space. Each
chip contains two pentagonal wire bond pads connected by a feedline, which enables characterization of all
microwave resonators simultaneously via RF transmission measurements.

4.2 Coupling to a Microwave Resonator
A single meander quarter-wave resonator is depicted in figure 8a. The justification for using this resonator
design over other possible designs is discussed in section 8.1. A resonator device is of no use unless it can
be measured efficiently. To do this, the meander is inductively coupled to an on-chip feedline. Figure 8b
shows a magnified view of the coupling region. The regions with NbN are white, while the orange regions
are where NbN is etched to separate the waveguides from the surrounding ground plane. The orange is
exposed during photolithography as described in section 4.6. For the quarter-wave resonance to exist, the
waveguide is terminated by a short at one end (Z = 0) by connecting it to the superconducting ground
plane. The ground plane also helps to shield the device from external magnetic flux noise via the Meissner
effect. The inductive coupling strength, characterized by a "coupling" or "extrinsic" quality factor Qe,
depends on the substrate, the coupling length (500 µm in our case), and the spacing between the meander
waveguide and the feeding transmission line (see figure 8b). While the total length L of the quarter-wave
device determines its resonance frequency straightforwardly by equation 2 (see figure 8c), the Qe must be
determined by high frequency EM simulations (Sonnet). Using a 500 µm thick substrate of high resistivity
Si (ρ = 10000 Ω-cm) and the resonator dimensions shown in figures 8a and b, the coupling is calculated from
the simulated scattering parameter from port 1 to port 3, S31, via Qe = π/2|S31|2 [23]. The red asterisks
in figure 8 denote the target Qe and frequency of the six quarter wave resonators on our chip design. All
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Figure 8: In (a), a sample meander waveguide microwave resonator is shown. Orange is indicates regions
with no NbN, while white regions indicate areas with NbN. Figure (b) depicts a magnified view of the
coupling region with ports labelled by 1, 2 and 3. The waveguide width of 10 µm and separation 16 µm
together with the coupling length (500 µm) determine the coupling rate κe to the feedline. Figure (c) depicts
the meander waveguide length L corresponding to the quarter-wave resonance frequency, while figure (d)
illustrates the simulated extrinsic quality factor Qe = ωres/κe as a function of resonance frequency. The
simulations were performed using Sonnet, while assuming a 500 µm thick substrate of high resistivity silicon
(ρ = 10,000 Ω-cm) and neff ∼ 2.54. The red asterisks on-plot indicate the chosen lengths for our on-chip
resonators. The same coupler design was used for all resonators characterized in this report.
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Figure 9: Figure (a) is a pictorial representation of a single microwave resonator with intracavity field â
coupled to a transmission line by κe and coupled to intrinsic loss channels by κi. Figures (b) and (c) show
the theoretical amplitude and phase spectrum of the transmitted signal S21 (equation 5) using Qe = 5000,
Qi = (500, 1000, 5000, 10000, 50000, 500000), and ωres/2π = 5 GHz.

resonators in this study had the same coupling length and waveguide spacings and only differed by their
overall length L. Our objective was to be in the undercoupled regime Qi < Qe, where the total quality factor
Q is primarily determined by the intrinsic quality factor Qi (see section 4.3). This improves the accuracy of
the fitted Qi value. The intrinsic quality Qi estimates the film quality while Qe is purely determined by the
inductive coupling strength. All resonators have in-plane dimensions much larger than the film thickness
(are in the lumped-element regime), so the resonance frequency and coupling strength are independent of
the film thickness. However, we note that a substantial correction to the coupling strength and resonance
frequency may be necessary due to kinetic inductance nonlinearity in the film (see section 8.2).

4.3 Theory of Measurement for Microwave Resonators
The measurement of a microwave LC resonator can be described by lumped element circuit theory [37]
or quantum optical input-output theory [38, 39]. Since our devices are primarily designed for quantum
applications, we describe the microwave resonator response by recourse to input-output theory, where the
equation of motion for the resonator cavity field is:

˙̂a(t) = −i

(
ωres −

iκ

2

)
â(t) +

√
κe/2âin(t) (3)

which is subject to the symplectic boundary condition: âout = âin −
√

κe/2â. In equation 3, the time
evolution of the intrcavity field, â, is determined by unitary evolution (first term) and damping with a total
intensity decay rate κ (second term). At the same time, the cavity is being populated by a coherent tone âin
from the feedline, leading to a term

√
κe/2âin characterized by an extrinsic coupling rate κe. The boundary

condition expresses the output field âout in terms of the input field âin. The resonator and feedline is shown
abstractly in figure 9a. One can turn this differential equation into an algebraic one by moving into the
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Fourier domain:

â(ω) =

∫ +∞

−∞
â(t)e−iωtdt (4)

while making use of F{ ˙̂a} = −iωâ(ω). Thereafter, calculation of the transmission parameter is straightfor-
ward [25, 26]:

S21 ≡ âout(ω)

âin(ω)
= 1− eiϕ

κe/κ

1 + 2i∆/κ
(5)

where ∆ = ω − ωres is the detuning, and κi = κ − κe is the intensity loss rate of the intracavity field that
is not due to coupling to the feedline. The factor eiϕ is manually added to the second term to account
for asymmetry in the resonance [40]. The intrinsic loss κi can arise due to a multiplicity of mechanisms,
such as field loss into the substrate and loss due to coupling of the resonant electric field with defects/two
level systems in the superconducting material or substrate. In our investigation, we are careful to compare
samples with the same substrate to ensure that the measured intrinsic loss rate quantifies the quality of
the superconducting film. The loss rate parameters can be related to the quality factor of the resonance by
κ = ωres/Q, κe = ωres/Qe, κi = ωres/Qi, such that:

1

Q
=

1

Qi
+

1

Qe
(6)

We may extract the quality factors by fitting a measured resonance to the Lorentzian function |S21|2. In
figure 9b and c we see the theoretical amplitude |S21| and phase ∠S21 response of a microwave resonance at
various Qe/Qi values (Qi = 5000 is fixed). It is worth noting that the same S21 in equation 5 can be obtained
by considering the impedances/admittances of a lumped element circuit comprised of a transmission line
inductively coupled to an LC oscillator.

4.4 Verification of Superconductivity via S21 Measurements
The discussion in the previous section describes the measurement of a linear electromagnetic resonator
via a transmission line. The Tc did not enter this discussion. Accurate determination of film quality
(especially Tc) requires an understanding of superconductivity and the mechanisms which can affect the
resonance frequency and lineshape. A superconductor consists of electron-electron pairs (Cooper pairs),
bosonic states that traverse a superconducting material with zero DC resistance. In the absence of sufficient
thermal excitation (T ≪ Tc), the Cooper pairs accumulate in the quantum ground state. According to
Bardeen–Cooper–Schrieffer (BCS) theory, the photon energy needed to break up a Cooper pair is given by
ℏωc = 2∆ = 3.52kBTc where ∆ is the superconductor energy gap [33, 36]. This energy gap is conceptually
analogous to the gap in semiconductors that must be overcome to generate an electron-hole pair. In a
superconductor, 2∆ is the binding energy of a Cooper pair. By the BCS formula, an ωc = 166.5 GHz photon
is required to break apart a Cooper pair in a superconductor with Tc = 8 K. A sufficient flux of photons with
this energy would force the material out of the superconducting state. This frequency is much higher than
the frequency of our resonator photons (< 10 GHz). However, just as superconductors share the concept
of an energy gap with semiconductors, they also have a band structure comprised of many possible Cooper
pair states. It has been shown [22, 36] that the power dissipated by a microwave signal (with ω < ωc) can
cause the quasiparticles in a superconducting to switch between states. This effect manifests in the measured
microwave resonator spectrum. At low readout powers, only a single state is populated. As the readout
power is increased the resonance curve distorts (it nonlinearly redshifts) [22, 36]. The effective temperature
of the quasiparticle system rises until a balance is reached between the rate at which microwave energy is
dissipated in the resonator, and the rate at which energy is transferred from the quasiparticle system to
the phonon system of the substrate [22, 36]. At high readout powers, three states exist, two of which are
stable, and the resonance curve shows hysteresis [22, 36]. The resonance in this situation has infinite slope
at the bistability frequency. Observation of redshift and bistability in our resonators would strongly hint at
the presence of superconductivity. This approach would also be useful for locating the resonance peaks in
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a given transmission spectrum that may contain spurious non-superconducting peaks (e.g. due to wirebond
resonances). To avoid the hassle of nonlinear peak fitting, Lorentzian fitting should be performed on data
acquired while at low temperature and power where linearity is sustained. Thereafter, the temperature
inside the cryostat (or microwave signal power) could be gradually ramped and the transmission spectrum
retaken. Beyond the critical temperature Tc (or critical power Pc), all Cooper pairs break and the increased
impedance of the sample indicates transition out of the superconducting state. Such a measurement would
set a lower bound on the film Tc (or Pc).

4.5 Resonator Fabrication Considerations: Substrate Type and Dicing
The superconductivity of an NbN film can be characterized so long as the substrate is a sufficiently good
insulator. At first, silicon dioxide may appear to be a good option. However, it is known [14] that microwave
resonators on silicon dioxide have low quality factor and would therefore be difficult to measure. The electric
field couples to two level systems (vacancy sites) in the oxide. This mechanism serves as a loss channel for
the resonator, and is present for many amorphous materials/glasses. We wish to remove all contributions to
the intrinsic loss that are not due to the quality of the NbN film. As such, low loss high resistivity silicon is
the substrate that we employ.
To dice our NbN-on-high resistivity Si wafers into 5 x 10 mm chips for resonator fabrication and measurement,
we first dehydrate the wafer at 180 C for 2 minutes, then spincoat the wafer with protective SPR-220 resist
(2000 rpm, 2000 ramp, 40s) and prebake at 110 C for 120 s. For dicing we have employed a DISCO wafer
saw (SNF) with a standard hub blade at a cutting speed of 2 mm/s and a blade height of 300 µm. Partially
diced chips can then be removed from the dicing tape by tweezers and subsequently cleaned using acetone
and isopropyl alcohol (30 s each).We have found that dicing through the full 500 µm wafer causes the wafer
pieces to eject from the dicing tape.

4.6 Microwave Resonator Fabrication Procedure
In this section we outline the procedure for fabricating microscale structures on NbN. We verify the effec-
tiveness of this procedure for both high resistivity silicon and silicon dioxide substrates. The latter samples
were obtained while comparing the lesker2 and lesker 3 performances. A similar procedure could also be
used for patterning tantalum, NbTiN or other nitride films. The procedure is fully described in steps by
figure 10.

1. Chip Cleaning: After NbN deposition and dicing, be sure sure that chip has been cleaned of SPR-220
dicing resist. Perform a 30 s acetone and ipa rinse.

2. Spin-coat: Dehydrate the chip on a hotplate at 180 C for 2 min. Spincoat the chip with SPR-3612
positive resist at 5500 rpm, 1500 rpm/s, 40 s. Use 2-3 pipette drops per chip. Then prebake on a
hotplate at 90 C for 1 minute.

3. Photolithography: Using the desired dxf file for the appropriate chip size, expose the chip using
the Heidelberg MLA150 (SNF) with a uniform dose of 100 mJ/cm2. Before exposure, check the chip
backside for resist and ensure that the chip is aligned with the Heidelberg stage axes. Heidelberg can
easily pattern our minimal feature size of 4 µm.

4. Development: After the exposure, develop the resist in MF-26A for 20 s followed by 10 s of DI water.
The pattern should now be visible by eye. Use a microscope to do an exposure check. Make sure to
view the chip edges and the smallest gap feature to verify a successful exposure and develop. One may
submerge the chip in MF-26A for additional time if needed. The development is not time sensitive.

5. Plasma RIE: Perform a chamber clean of the Oxford RIE (SNSF) using 50 sccm O2 and 200 W dis-
charge power for 5 minutes. Then precondition the chamber using the NbN recipe (LINQS_Ti_etch_01),
which is 20 sccm CF4 and 2 sccm O2 at 210 W power for 2 minutes. Open the chamber to deposit
your sample. Do not leave the chamber open and or vented for long, as this increases contamination
and makes it more difficult to achieve process pressure of 100 mTorr after re-initiating the pumpdown.
Perform the NbN etch. The only variable to alter is the etch time, which depends on the NbN sample
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Figure 10: The procedure for patterning and wire bonding microwave resonators is shown. Panel 1 depicts
a diced 5 x 10 mm high resistivity silicon chip with an NbN film. The chip is spin-coated with SPR-3612
positive resist (5500 rpm, 1500 ramp, 40 s). Panel 2 shows a resist covered chip. The chip is then exposed
by a 375 nm photon beam (Heidelberg MLA150) with a uniform dose of 100 mJ/cm2. Panel 3 shows the
CAD file utilized for all of our 5 x 10 mm chips in this study, with exposed regions in black. After exposure,
the photoresist is developed using MF-26A for 20 s and checked under an optical microscope (see panel 4).
Next, the pattern is transferred to the NbN film through a plasma reactive ion etch (Oxford Plasma Pro
80 Reactive Ion Etcher RIE), which removes NbN at 1 nm/s (see panel 5). Lastly, the remaining resist is
stripped by placing the chip in an N-Methyl-2-pyrrolidone (NMP) bath for 90 min. The chip is mounted
to a printed circuit board (PCB) with diluted GE varnish and wirebonded to this PCB (with a West Bond
7476E Wedge-Wedge Wire Bonder) for cryogenic measurements, as shown in panel 6.

thickness. We measured the NbN etch rate to be 1 nm/s (see section 4.7). The thickness of the NbN
film should be known before initiating the resonator fabrication procedure (see liftoff method in sec-
tion 3.1). An overetch by roughly 30 nm (30 seconds) should be employed to ensure that the etch gets
through the NbN. We have found that the etch profile is highly directional and that there is little risk
associated with an overetch (see section 4.7). We have also found that the photomask is thick enough
to survive at least a 4 minute long etch.

6. Resist Strip: After the etch, verify that all of the NbN has been removed. This can be done via
optical microscopy by comparing with a previous sample positioned in the same field of view. The etch
rate of 1 nm/s is quite consistent, so the etch check is typically not necessary. Once confident in the
etch, place the chip in an NMP solution for 90 min, then rinse with acetone and IPA (30 s each).

7. Wire Bonding: Glue the chip to a PCB using GE varnish. Employ the West Bond 7476E Wedge-
Wedge Wire Bonder (SNSF) to attach Al wires between the PCB ground plane and the chip ground
plane and between the wirebond pads and the PCB traces. Aim for short wirebonds and use many
wirebonds between the ground planes to improve the transmission measurement signal.
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Figure 11: (a) The chips used for the RIE etch test are shown in the top row. They have been stripped
of resist with NMP for profilometer measurements. From left to right the etch time was 4 min, 2 min, 1
min and 30s, respectively. The difference in the etch depth is reflected by the pattern contrast with respect
to surrounding unetched NbN. The two chips in the second row are example chips with resist after etching
fully through the NbN (before NMP bath), which demonstrates sufficient selectivity of NbN over resist. (b)
An example profilometry measurement after an NbN etch and resist strip. Measurements were taken across
the waveguide (wg) and the bond pad (pad). The inset optical microscope image shows a clearly resolved
4 µm gap (no resist), the smallest gap present in our design. The measurement result of the profilometery
measurement in (b) along the wg direction is depicted in (c). This plot shows the steep etch profile achieved
by a 4 minute anisotropic CF4 dry etch with SPR-3612 mask. The etch depth of 250 nm implies that the
110 nm NbN film has been etched through. The etch depth of each test chip is shown as a function of etch
time in (d). Using 110 nm as the NbN thickness measured before patterning, we linearly fit the Si and NbN
regions of the plot to infer a Si etch rate of 1.29 nm/s and NbN etch rate of 1 nm/s.
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4.7 NbN Etch Test
For transmission line or nanowire fabrication, it is important that the etch is directional to produce nearly
vertical sidewalls. It is also important to know the etch rate to ensure that the NbN is etched entirely
through (to avoid a short in the circuit). At the same time, one wishes to avoid over etching such that
the photomask is removed or the waveguide wire is undercut. To transfer the high aspect ratio meandered
co-planar resonator pattern onto the NbN film, we employ reactive ion etching using an Oxford Plasma Pro
80 system (SNSF). The main etching gas is CF4, while O2 gas is also utilized in small quantities to control
the etching rate ratio and selectivity with respect to the mask. This recipe has been utilized previously to
create high aspect ratio structures, such as superconducting nanowires with vertical sidewalls [41–43]. The
etch of NbN with CF4 is governed by the reaction equation [43]:

CF4 + 2NbN → 2NbF3 + N2 + 2CF (7)

For the etch test, we performed resonator fabrication on four 5 x 10 mm NbN on high-resistivity Si chips
with 110 nm NbN thickness. The four chips with photomasks still on were etched with different etch times.
Because of this, only one chip was in the Oxford etch chamber at a time. Before etching each of the four
chips, the reaction chamber was cleaned by flowing 50 sccm O2 with 200 W discharge power at 100 mTorr for
5 minutes. The chamber was then conditioned by running the NbN etch recipe for 2 minutes, where CF4 and
O2 gases are flown in at 20 sccm and 2 sccm, respectively, with 210 W power (DC bias 360 V) at 100 mTorr
("LINQS_Ti_etch_01"). Thereafter, the sample was placed into the chamber. The four chips of identical
initial NbN thickness were etched for 4 minutes, 2 minutes, 1 minute and 30 seconds. Thereafter, the resist
was removed by NMP and the step height was measure using the Dektak XT-S Stylus Profiler (SNSF). The
four chips after profilometry are shown in the first row of figure 11a. In this image there are also two chips
in the second row, which are representative of chips with resist still on after an etch fully through the NbN.
This demonstrates sufficient selectivity of NbN over resist. Profilometry was performed across two distinct
regions of etch test chip: 1) across the gap near the pentagonal wirebond pad (pad), and 2) over the feedline
waveguide (wg) as seen in see figure 11b. The inset shows an optical microscope image of a resolved 4 µm
gap after photolithography and etching. The etch profile and etch rate can be extracted from a profilometry
measurement, such as the one in figure 11(c). This example data was acquired by moving the stylus across
the 4 min chip over the wg. The profile depicts a trench just under 250 nm deep (dwg), indicating that
the NbN was etched through. The etch profile is quite vertical and the waveguide width of 10 µm appears
to have been properly transferred onto the NbN substrate. Since the etch is quite directional, it may be
sensible to extend the etch time such that the waveguide edge is more vertical and the 4 um gap resolves
better. Overall, we find that there is very little risk of undercut or exceeding the photomask. Additional
investigation via angled scanning electron microscopy (SEM) may reveal better information regarding the
etch profile. The etch is expected to be quite anisotropic since the plasma is generated under vacuo by an RF
field, which then directs ions down towards the substrate with high energy to react with NbN then desorb
as volatile products as described by equation 7. Figure 11d shows the maximum etch depth along the wg
and pad directions (dwg and dpad) for the four chips as a function of etch time. The NbN thickness of 110
nm is indicated on-plot by a dashed line. Fitting the data below this line (NbN) and above this line (Si)
yields an etch rate of 1.0012 nm/s for NbN and 1.2917 nm/s for high resistivity Si (selectivity 0.77).

4.8 Packaging and Cryogenic Measurement
Meander resonators can be excited and measured via an RF tone by wire bonding to the pentagon-shaped
pads (see figure 10 panel 3). After fabrication, the 5 x 10 mm chips (with six resonators each) are glued to
PCBs using GE varnish (see figure 4.6 panel 6). The pads on either end of the feedline are then wirebonded
to a PCB signal trace (coplanar waveguide) which are soldered to SMP connectors, as shown in figure 12a.
The NbN ground plane is wirebonded to the PCB ground plane. To ensure a uniformly distributed electric
field in the ground plane, we employ many wirebonds connecting different regions of the ground plane to the
PCB ground. We aim for the shortest wirebonds possible to push wirebond resonances to high frequencies
where they are less likely be present near the frequencies of our resonators. After wire bonding, the PCB is
placed on a copper plate contacting the cryostat floor to ensure proper thermalization. Cables then connect
the SMP connectors to RF ports on the inside of the cryostat. After pumpdown and cooldown to base (1e-8
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Torr and 4.2 K), we use SMA cables to connect a vector network analyzer (VNA) to the RF ports on the
outside of the cryostat to measure S21 for each chip [25, 26]. Our radiation-shielded liquid He cryostation
(Montana Instruments Cryostation s200) only has six ports, which allows for the characterization of three
chips (films) per cooldown, for a total of 18 resonators. The signal path is highlighted in figure 12a. The
signal outputted by VNA port 1 passes through the cryostat RF port onto the PCB (trace is shown in red)
and onto the chip via Al wirebonds. It travels from pad to pad through the on-chip feedline and then exits
the cryostat in a similar manner through port 2. The VNA measures the signal at port 2 and compares it
to the outputting power at port 1, thereby recording the S21 parameter.

Figure 12b depicts the transmitted signal as a function at various temperatures (with fixed power -20
dBm). One mode is visible. Figure 12c shows the transmission spectrum for resonator of higher frequency
on the same chip as a function of power (with a fixed temperature of 4.2 K). After changing each power
or temperature, the sample was given up to 5 minutes to thermalize/stabilize. We can be confident that
the modes are superconducting since they exhibit all of the properties discussed in section 4.4. There is a
maximally linear Lorentzian resonance at low temperature. As the power/temperature increase, we observe
a nonlinear redshift in the resonance peak and at sufficiently high power, there is a bistability, as indicated
by the infinite resonance slope at (-20 dBm, 7.5 K) and at (4 dBm, 4.2 K). Once the temperature and power
reached 8 K and 6 dBm, respectively, the resonances vanish and the transmission spectrum flattens out.
This indicates that the film is no longer superconducting and incoming waves cannot propagate on-chip from
port 1 cannot reach port 2. A low power (-20 dBm) was used for the temperature sweep to ensure that the
resonator exits the superconducting state solely due to temperature increase to determine Tc. Likewise, the
power sweep was done at low temperature to best estimate the critical power. The data in figures 12b and c
was acquired from a 80 nm thick NbN on 1 µm thick oxide sample (2B), however similar citical temperatures
and powers were gathered for our 60 nm NbN on 500µm high resistivity Si samples (see section 5.1.
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Figure 12: (a) A schematic representation of our cryogenic RF frequency measurement setup. A vector
network analyzer (VNA) generates an RF signal at port 1 near the resonance frequency, which makes its way
into the cryostat, onto the PCB through the SMP connectors and onto the chip via an Al wire bond. Red
arrows indicate the signal path along the PCB traces. The signal propagates on-chip along the feedline and
interacts with each resonator before travelling off-chip, out of the cryostat and into the VNA port 2. A picture
of the cryostat interior before cooldown is shown. By sweeping the RF tone frequency across resonance, one
can measure the transmission spectrum, which contains resonances at frequencies defined by each on-chip
resonator length. The power of the RF tone and or the temperature of the cryostat may be changed and the
transmission spectrum re-acquired. Figure (b) depicts the transmission spectrum containing one resonant
mode as a function of temperature while drive power is fixed at -20 dBm. The critical temperature above
which the mode disappears is roughly 8 K. Likewise, figure (c) depicts the power spectrum as a function
of drive power as the temperature is held at 4.2 K. The critical power at which the film heats out of the
superconducting state is 6 dBm. The spectra in (b) and (c) were acquired using a NbN-on-oxide film (sample
2B from section 3.2), which is clearly superconducting.

5 Design of Experiment Results
The two parameters deemed most critical for depositing high Tc NbN films were N2 flow rate and substrate
bias. We decided to test four N2 flow rate points at 5%, 10%. 15%, and 20%. We expected to see a strong
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window for stiochiometric NbN near 5% to 10% N2 flow rate. Three RF substrate bias values were ap-
plied: 10 W, 50 W, and 80 W. We expected larger substrate bias of around 50 W to be effective in removing
impurities during the sputtering process but did not know what to expect at very large bias values (∼ 80 W).

We randomized the order in which we deposited each sample to limit any systematic correlations and de-
posited all of them over the course of two days, without another user using the Lesker2 system in between.
This gives us good reason to believe the data trends come soley from the dynamics of the sputtering process.
All the twelve samples are shown in figure 13.

Figure 13: Table for all the design of experiment samples. Samples were deposited in increasing ID order.
The three samples in yellow were used to pattern resonators and in cryogenic measurements.

The resistivity and film thickness of all the twelve samples can be seen in figure 14. All the sample values
are written in red and the samples chosen for resonator fabrication are highlighted in yellow. Three samples
from this DOE were chosen (shown in yellow in figure 13) for cryogenic measurements due to their low room
temperature resistivity and relatively similar film thickness values of ∼60 nm. Three samples of NbN on
oxide were also measured.
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Figure 14: (a) resistivity (b) film thickness after 30 min deposition

Evidently the ideal window for low room temperature resistivity occurs for 5% to 10% N2 flow rate and large
substrate bias, as expected.
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5.1 Cryogenic Microwave Resonator Measurements

Figure 15: Three NbN on high resistivity Si (DOE3, DOE6 and DOE10) and three NbN on 1 µm oxide on
Si chips (0B, 1B, 2B) were patterned using the same CAD file and measured using the technique described
in section 4.8. Figure (a) shows a representative transmission spectrum measurement of a superconducting
microwave resonator (DOE3) in blue acquired at 4.2 K with -20 dBm drive power. The spectrum is theo-
retically fitted (red) using equation 5. Figures (b) and (c) show the deposition rate and resistivity of the six
samples as a function of substrate bias, respectively. The room temperature resistivity as a function of N2:Ar
percentage and base pressure of Lesker2 is depicted in (d) and (e), respectively. The four lowest resistivity
chips were superconducting with their corresponding critical temperatures plotted in (f). The 1B and 0B
samples were not superconducting. The transmission spectrum of all resonators on each superconducting
chip were measured at 4.2 K and -20 dBm drive power and theoretically fit to extract the quality factors,
which are plotted in (g). The dashed error lines quantify the uncertainty in the resistivity across the wafer
that the chip sample came from.

Figure 15 is a summary of the results of our initial NbN on oxide fabrication run (0B, 1B and 2B) and the
DOE study (DOE3, DOE6 and DOE10). All films were deposited with 100 W target power, 5 mTorr Ar
pressure (where hysteresis slope is maximized), and the deposition time was 30 minutes for all samples. Three
NbN on high resistivity Si and three NbN on 1 µm oxide on Si chips were patterned using the same CAD file
and measured using the technique described in section 4.8. Each chip contained six resonators. Figure 15a
is a representative transmission spectrum measurement of a superconducting microwave resonator on chip
DOE3 (blue) acquired at 4.2 K with -20 dBm drive power. this spectrum is theoretically fitted (red) using
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equation 5, yielding parameters of ωres/2π = 4.56 GHz, Q = 261, Qe = 962, and Qi = 359. Resonance peaks
were identified in the transmission spectra by confirming the presence of redshifting as a function of signal
power (see section 4.4). Figures 15b and c show the deposition rate and room temperature resistivity of the
six samples as a function of substrate bias, respectively. Higher substrate bias leads to lower deposition rate.
However, we find that the errorbars, indicative of the non-uniformity of the film thickness across the original
wafer, are smaller for larger substrate biases. We also find that samples acquired at the same substrate
bias for the same sputtering time (30 minutes) have roughly consistent deposition rates if the substrate
bias is large. Large substrate bias leads to better control over deposition rate. We can also can notice
that the higher resistivity samples were acquired with larger substrate biases, since bias drives away oxygen
impurities in the chamber, preventing them from adsorbing to the film during the deposition (see section
3.3). The room temperature resistivity as a function of N2:Ar percentage and base pressure of Lesker2
is depicted in figures 15d and e, respectively. The optimal N2 percentage appears to be 5- 10 % as in
[25], however further confirmation of the Nb/N ratio is needed from addition XPS, electron probe, or mass
spectrometry measurements. Figure 15e suggests that the film resistivity is independent of base pressure so
long as it is below 10−7 Torr. Though not reflected in this plot, we have found that pressures far above the
1e-8 Torr value lead to very high film resistivity. Figure 15e shows the pressure right before the deposition
(not during). Note that this pressure was read off the Lesker2 software without throttling the pump (so
it may not be entirely accurate). During the transmission measurement of each chip, it was found that
all three DOE (high resistivity Si) chips were superconducting and only one of the oxide chips was. These
were the four lowest resistivity chips. We have no reason to argue that the substrate effects Tc, only that
it effects Qi. The main predictor of superconductivity of a given film is resistivity. The superconducting
sample resistivities along with their corresponding critical temperatures are plotted in figure 15f. Critical
temperature was measured by performing a temperature ramp transmission measurement as shown in figure
12b. We find that a resistivity of 800 µΩ-cm is insufficient for superconductivity (Chip 1B), while 334 µΩ-cm
(Chip DOE6) is. Resistivity is a simple room temperature measurement that one can perform in SNF right
after sputtering a film in Lesker2 to determine whether the film will be superconducting. The transmission
spectra of all resonators on each superconducting chip (4.2 K and -20 dBm drive power) were measured
and theoretically fit to extract the quality factors, which are plotted in figure 15g. The extrinsic quality
factors seem to roughly match the simulated values in figure 8d. We expected some disagreement since the
Sonnet simulation does not account for imperfect waveguide sidewalls, spacings and kinetic inductance. The
maximum intrinsic quality factor achieved was 706 and the maximum total quality factor was 379.
Overall, we find that there is consistency in Tc for a given resistivity, which is predicted well by substrate
bias and N2 percentage for NbN on both oxide and high-resistivity substrates. This reflects the reproducible
and robustness of our sputtering procedure. Our value of critical temperature is higher than that achieved
by 10 nm thick NbN films (7.4 K) [26] and lower than 300 nm films (15.25 K) [25], which were sputtered
onto high-resistivity Si and onto 400 nm oxide on p-doped Si, respectively. Since the critical temperature
tends to decrease as superconducting film thickness decreases [24] (especially as the thickness reduces below
100 nm), our critical temperature of ≥ 8K for our 60 nm film is roughly on-par with NbN films featured in
the literature. To properly compare our intrinsic quality factors with those in other studies of NbN, more
measurements would likely be required. It is well-known, for instance, that the intrinsic loss depends on the
power launched into the resonator and its characteristic impedance [25, 26].

6 Conclusions and Future Direction
The main objectives of this project were achieved. In this work we developed a reliable sputtering recipe
to deposit thin films of NbN with a Tc of up to 8 K. Further, we have determined room temperature sheet
resisitivity to be a reliable, low cost measurement for predicting the superconductivity of NbN films. The
Tc is likely limited by the stiochiometry of Nb/N not being exactly one-to-one, and the film density being
low. Some process adjustments in the future include lower chamber pressure, higher target power, higher
RF bias, and higher substrate temperature.

Some future directions of this work include annealing NbN to improve Tc and Q [44? –46], using plasma-
enhanced atomic layer deposition (ALD) to make very thin layers of NbN, and sputtering NbTiN. This report
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is a direct springboard for pursuing latter objective. Since we have found near-ideal Lesker2 parameters
for the N2 flow and the Nb target, adding another target of Ti could be the subject of a new design of
experiments (DOE) study. We have already characterized the deposition rate of Nb versus Ti in section
3.4, which would help estabish reasonable starting parameters for the DOE. In future studies, it will be
important to explore new characterization methods such as, mass spectromoetry for chemical composition
measurements, x-ray reflectivity for film density and thickness measurements, and high quality SEM images
on the Apreo tool. Mass spectrometry and electron probe measurements may be particularly useful for
determining stoichiometry, since the XPS measured stoichiometry is unreliable due to differential ion milling
rates (see section 3.3). Future investigations could focus on producing a procedure for metal liftoff instead
of the plasma etch, a method for directional sputtering or for etching to make NbN junctions.
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8 Supplementary Information

8.1 Why Co-planar Resonators?
The co-planar resonator design is preferred over the alternative micro-strip design [33, 47], which consist of a
dielectric layer sandwiched by a conductor and a ground plane. The co-planar design, wherein the resonator
is in-plane with the ground plane, allows for single-mask monolithic fabrication, reduces radiation losses and
allows for more flexibility during wire bonding. As discussed in a previous E241 project [23], the co-planar
resonator capacitance and characteristic impedance are given by:

C = 2ϵ0(ϵr + 1)
K(k0)

K(k′0)
(8)

Z0 =
30π√

(ϵr + 1)/2

K(k′0)

K(k0)
(9)

where ϵ0 and ϵr are the dielectric constants of vacuo and the substrate, respectively, while K(x) is the
complete elliptical integral of the first kind, k0 = S/(S + 2W ) and k′0 =

√
1− k20. The constant W is the

in-plane distance between the co-planar waveguide edge and the superconducting ground plane edge. The
constant S is the in-plane thickness of the co-planar waveguide. The constants W and S are shown in figure
8b.

8.2 Kinetic Inductance Nonlinearity
The main text described the behavior of a lumped element superconducting microwave resonator side-
coupled to a feedline with a linear inductance determined by the in-plane geometric dimensions. However,
the inductance of a circuit is not purely linear, especially when the thickness of the superconducting film is
smaller. For a film with thickness t lower than its penetration depth, the surface kinetic inductance can be
approximated as [26, 33]:

Lk =
ℏρ
π∆t

(10)

where ρ is the normal state sheet resistivity per squre. The total inductance of the resonator is L =
L0 + Lk, where L0 = Z2

0C is the linear (geometric) inductance of the co-planar resonator. Higher overall
inductance means greater κe (lower Qe). Therefore, for thinner films we expect our simulation of Qe to be
an overestimate. Since the resonance frequency is ωres = 1/

√
LC, the frequency will be redshifted in the

presence of kinetic inductance. Nonlinear inductance may be a significant effect in our films, considering
that for NbTiN films of 300 nm thickness and ρ ∼ 170 µΩ-cm patterned into a similar resonator device,
the kinetic inductance fraction α ≡ Lk/(L0 + Lk) was 0.35 [48]. Further, NbTiN is known to have smaller
kinetic inductance than NbN of the same thickness [49], and our DOE study samples are only 60 nm thick.
Though kinetic inductance is a significant effect, it is not a crucial to investigate it in detail in our study.
Our principle objective is to measure critical temperature and intrinsic quality factor, not make the best
prediction of resonance frequency and Qe. Kinetic inductance is relevant to applications of superconducting
devices in microwave-to-optical frequency conversion, amplification or electromechanical transduction.
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