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Abstract—Silicon-based dielectric is crucial for many super-
conducting devices, including high-frequency transmission lines,
filters, and resonators. Defects and contaminants in the amor-
phous dielectric and at the interfaces between the dielectric
and metal layers can cause microwave losses and degrade
device performance. Optimization of the dielectric fabrication,
device structure, and surface morphology can help mitigate this
problem. We present the fabrication of silicon oxide and nitride
thin film dielectrics. We then characterized them using Scanning
Electron Microscopy, Atomic Force Microscopy, and spectropho-
tometry techniques. The samples were synthesized using various
deposition methods, including Plasma-Enhanced Chemical Vapor
Deposition and magnetron sputtering. The film’s morphology
and structure were modified by adjusting the deposition pressure
and gas flow. The resulting films were used in superconducting
resonant systems consisting of planar inductors and capacitors.
Measurements of the resonator properties, including their quality
factor, were performed.

Index Terms—low-loss dielectrics,
PECVD, superconducting resonators.

magnetron sputtering,

I. INTRODUCTION

High-quality dielectrics are crucial materials for a wide
range of applications in superconducting devices. Silicon-
based materials, such as amorphous silicon and carbide-,
oxide- and nitride-compounds are of interest, and various
deposition techniques can achieve low-loss mm-wave device
dielectrics. These films can be fabricated by physical or
chemical vapor deposition, and evaporation, combined with
different modifications such as plasma-enhanced chemical
vapor deposition (PECVD) [1], [2], radio-frequency sputtering
deposition [3], pulsed magnetron sputtering [4], and ion-beam
assisted sputtering (IBAS) [5]. Each method has its advantages
and drawbacks. For example, the widely used magnetron sput-
tering (MS) proved to be a promising approach for fabricating
many devices with relatively low losses and applied temper-
atures in the range of 200-400 °C. This method improves
film quality by increasing atom mobility with RF bias and
higher temperature on the substrate during film growth [6].
However, high temperatures can degrade the characteristics of
other microwave circuit components and exclude the use of
the lift-off technique. We need to reduce the dielectric loss
from two-level systems without complicating fabrication steps

with high temperatures, which can cause topical problems in
superconducting detector development [7], [8], [9].

For this purpose, we consider two enhanced approaches of
IBAS and PECVD. Ion-beam-assisted sputtering utilizes an
ion source, which provides additional energy on the outermost
growing atomic layer and allows control over film density and
microstructure at room temperature. The same time the flux
and the energy of ions can be changed independently of the
flux of the depositing atoms, thus allowing easy control of the
stoichiometry of compound films [10], [11].

The applied plasma in the CVD process enhances film
uniformity and step coverage while improving adhesion and
control over film growth. In PECVD, the precursors do not
require high temperatures for the chemical reaction, which
allows utilizing a temperature below 200 °C with better uni-
formity, adhesion and deposition rate compared to magnetron
sputtering [12].

This paper aims to outline the typical dielectrics and re-
lated properties and the factors controlling their quality. We
compare several silicon-based dielectric films grown under
different conditions, which result in a substantial variation in
nitrogen concentration and film stress. Then we present low-
temperature loss measurements of the dielectric films using
superconducting resonators.

II. FABRICATION OF DIELECTRICS AND TEST DEVICES

The dielectric films were grown using several methods,
including conventional MS and IBAS (Angstrom Engineering
EvoVac), and PECVD (Oxford Plasmalab100), see Table 1
with the deposition parameters. We controlled film quality and
stoichiometry by adjusting the applied power, gas mixture, and
deposition pressure. The change of reactive gas flow from
0 to 20 sccm shifts the target condition from metallic to
poisoned, thus different nitrogen gas flow allowed us to obtain
from silicon to (Si-rich) nitride to silicon nitride films. We
achieved high thickness uniformity at +/-2% over a diameter
of a 6-inch wafer. DC-power density for IBAS was kept at
20 W /in? with max power of ion source (Kaufman Robinson
RF2100ICP) 1 kW. All IBAS depositions were performed at
room temperature (RT).

We designed and made half-wavelength microstrip res-
onators capacitively coupled to a coplanar waveguide (CPW)
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TABLE I
DIELECTRICS DEPOSITION PARAMETERS AND PROPERTIES

Material Method Deposition parameters Ref. index Stress Tan delta
Si02 MS 250°C 4h, 4.6sccm O9 25scem Ar 1.46 -314 MPa 1x10—3
Si02 IBAS RT 1h, 8 sccm O2, 20sccm Ar 1.58 -311 MPa 8x10~ %
a-Si IBAS RT 1h, 20 sccm Ar 4.5 -705 MPa 5x10~4
(Si-rich)Nx IBAS RT 1h, 6 sccm N2, 20sccm Ar 2.4 -1575 MPa 8x10—4%

SiNx IBAS RT 1h, 17 sccm No, 20sccm Ar 1.98 -1702 MPa 10~3
(Si-rich)Nx | PECVD | 100°C 1h, 33 sccm SiHyg, 24 sccm No 2.38 -792 MPa 2x10— %
SiNx PECVD | 100°C 1h, 30 sccm SiHy, 27 sccm No 2.4 1.1x10~3

for loss measurements at GHz level (Fig. 1). Resonator length
ranges from 7 mm to 8.5 mm. Fundamental resonant frequency
is 5 to 10 GHz depending on specific material parameters.
More details on resonator design can be found in [7]. We
patterned test structures on a six-inch high-resistivity Si wafer
with a three-layer design consisting of a 170 nm thick Nb
ground plane with a 30 nm NbN cap, a 300 nm thick
dielectric spacer, and a 400 nm thick Nb transmission line. The
superconducting Nb films were deposited in an argon plasma
at room temperature in a confocal DC magnetron sputtering
system. The NbN capping layer was deposited following the
bottom layer in-situ in the Ar — Ny gas, which protects the
Nb layer underneath from oxidation during further processing
before dielectric deposition. We rotate the substrate holder and
adjust the tilt of the sputtering gun to provide high uniformity
in film thickness. The base pressure was about 1 x 10~2 Torr.

Preliminarily measured superconducting transition temper-
atures of 100 nm Nb and NbN films showed T. 9.2 K and
14.5 K, respectively. Films were deposited in the same system
on Si substrates. Test NbN films were sputtered onto the top
of a 10 nm thick Nb seed layer. Change of the nitrogen
flow allowed variation of the NbN transition temperature from
10.5 K to 14.5 K.
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Fig. 1. Top left: microscope image of the microstrip resonator structure. A
coplanar waveguide (CPW) feedline capacitively couples to an Nb microstrip
resonator. Bottom left: schematics of the Nb microstrip resonator cross-
section. The bottom layer of the Nb ground plane is deposited on a silicon
wafer. We deposit the dielectric material in the middle and the Nb microstrip
line on top of the dielectrics. Right: SEM image of the structure where Nb
microstrip capacitively coupled to a CPW transmission line.

Each layer of the microstrip resonator device was patterned
with non-contact lithography using a maskless aligner (Heidel-
berg MLA 150) at 405 nm laser wavelength and UV-sensitive

photoresist. The first two layers were fabricated by inductively
coupled plasma (ICP) reactive ion etch. Nb/NbN was etched
at 600 W with reactive gasses of CHF3 and SFg, while the
dielectric layer was etched at a higher power of 1200 W with
reactive gasses of CHF3 and Ar. Last, the top layer microstrip
was done by lift-off with double-layer resist to protect previous
structures underneath and ensure smooth edges.

III. FiLM CHARACTERIZATION

Visual inspection of fabricated structures provides vital
feedback on possible defects that can cause resistive and
dielectric losses. The structural features and morphological
properties of patterned films were analyzed using optical and
scanning electron microscopy. Figure 1 shows the structure of
the microstrip resonator used to measure the dielectric loss and
the optical and SEM images of zoomed-in resonator segments.
The Nb microstrip resonator is capacitively coupled to the
Nb/NbN CPW transmission line separated by the dielectric
layer (SiOy for the sample shown) in the middle.

We characterized the dielectrics by measuring the dielectric
films’ optical properties, intrinsic stress, and surface morphol-
ogy. Other researches confirm that the film’s refractive index
depends on the sputtering conditions, indicating a correlation
with film stoichiometry and microstructure, and could be
looked as film level of packaging and contamination doping.
[3]. The refractive index of dielectrics was characterized at
room temperature using the spectrophotometer (Filmetrics
FV20) operated at optical wavelengths of 632.8 nm. Measured
parameters were correlated with film thickness and previos
ellipsometer data. We found that the refractive index of SiNy
can change with nitrogen flow for the IBAS process, shown
in Figure 2. The optical refraction index allows us to monitor
and control the stoichiometry and degree of crystallinity of the
dielectric films. We can also compare the dielectric constant
with literature data for materials such as amorphous silicon
and crystalline SigNy [13].

The residual stress of the dielectric film can show the sta-
bility of the intrinsic structural bonds. According to Thornton
model deposition parameters can highly impact the structure
and stress of the growing film [14]. We measured the film’s
stress using Multi-beam Optical Sensor (MOS) with UltraScan
system, by laser array scanning and calculating the change
of the wafer surface curvature before and after deposition.
We can estimate how the deposition process impacts internal
stress value from the stress results. The stress measurements of
silicon-rich nitride by IBAS and PECVD differ by a factor of
2. We then changed the reactive gas flow change in IBAS films
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Fig. 2. Correlation between optical refraction index and nitrogen flow rate
during a Si pulsed sputtering with an Ar flow of 20 sccm.

and observed a clear shift in the stress from highly to slightly
compressive with pressures from -1702 MPa to -311 MPa (Fig.
3).
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Fig. 3. Intrinsic stress of SiNy films with different No concentrations.

Using atomic force microscopy (AFM), we can learn about
the grain formation process and possible surface defects.
Figure 4 shows the top surface image and roughness profile
of 300 nm-thick SiO5 and SiN, films. SiN, film scan shows
a smoother surface with measured roughness of 0.4 nm. The
average RMS roughnesses of all obtained dielectrics vary from
1.2 to 0.4 nm.

We studied the resonator loss at ~ 4 — 10 GHz frequencies
by measuring the transmission of the probe signal as a function
of frequency and temperature. A sample measurement of
resonant frequency shift as a function of temperature for one
IBAS SiOy sample is in Figure 5. The black line is the two-
level system (TLS) model [15] fit to the measured data below
1.2 K. For the sample SiOs resonator, f,.(0) = 7.62 GHz and
F§ = 7.7 x 1074, where f,(0) is the resonant frequency,

0 is the dielectric loss, and F' is the energy filling factor,
which is ~ 1 for microstrip resonators. We performed similar
measurements for the dielectric samples listed in Table I and
reported the loss numbers there. The loss tangent values were
calculated from fits to frequency vs. temperature data taken
over temperatures ranging from 15 mK to 1 K at frequencies
of 5-8 GHz (see Fig. 5 as an example). The dielectrics will
be used for millimeter-wavelength (mm-wave) detectors, so it
is also critical to measure their loss at mm-wave. We have
finished the initial design, setup, and measurement of mm-
wave dielectric loss and demonstrated a factor of two higher
loss of 4 x 102 at 150 GHz for CVD SiN, compared to
2 x 1073 at ~1 GHz [16]. Next, we plan to validate the
dielectric performance at mm-wave.
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Fig. 4. AFM top surface images and roughness plots of the 300 nm-thick
SiNy (top) and SiO2 (bottom) films obtained by ion beam assisted sputtering.
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Fig. 5. A sample measurement of resonant frequency vs. operating temper-
ature for a SiO2 microstrip resonator at around 5 GHz. We fit the data into
a TLS model to extract the loss of the dielectric material.
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IV. CONCLUSIONS

In this paper, we summarize progress in developing fabri-
cation techniques for superconducting microstrip structures.
We discuss different approaches for high-quality dielectric
material deposition with varying processing temperatures. We
characterized the film quality using a variety of measurement
technics, including refraction index characterization, surface
quality imaging, and cryogenic loss measurements at GHz
frequencies. Silicon-rich SiNy deposited at 100°C by PECVD
showed low loss at 10~* level and good surface-structural
properties. One other promising material is SiNy deposited at
room temperature by IBAS with loss at 10~2 level. Looking
ahead, we will improve quality control and reduce the loss
further in sputtered dielectric films. We plan to extend our
study to PECVD-grown Si-rich nitride with possible dielectric
hydrogenation to terminate dangling bonds and defects.
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