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Abstract

We systematically study the performance of compact lumped element planar microwave Nby(TizoN
(NbTiN) resonators operating at 5 GHz in external in-plane magnetic fields up to 440 mT, a broad
temperature regime from 2.2 K up to 13 K, as well as mK temperatures. For comparison, the
resonators have been fabricated on thermally oxidized and pristine, (001) oriented silicon
substrates. When operating the resonators in the multi-photon regime at T = 2.2 K, we find
internal quality factors Qj,, =~ 2 x 10° for NbTiN resonators grown on pristine Si substrates. In
addition, we investigate the Q-factors of the resonators on pristine Si substrates at millikelvin
temperatures to assess their applicability for quantum applications. We find Q;,; ~ 2 x 10° in the
single photon regime and Q;,; ~ 5 x 10° in the high power regime at T = 7 mK. From the
excellent performance of our resonators over a broad temperature and magnetic field range, we
conclude that NbTiN deposited on Si (100) substrates, where the surface oxide has been removed,
constitutes a promising material platform for electron spin resonance and ferromagnetic resonance
experiments using superconducting planar microwave resonators.

Superconducting planar microwave resonators, niobium titanium nitride thin films, electron spin res-
onance, ferromagnetic resonance, microwave resonators for circuit QED, performance of microwave
resonators at millikelvin temperatures, dc-sputter deposition of niobium titanium nitride.

1. Introduction

High quality superconducting microwave resonators are central building blocks for today’s quantum science
and technology. This particularly includes quantum information processing with superconducting circuit
elements [1-3] and the realization of photon detectors [4—6]. Moreover, they are considered an impor-
tant enabling technology for a variety of quantum devices such as quantum limited microwave amplifiers
[7-9]. They also play a key role in hybrid quantum systems like nano-electromechanical systems [10], cavity
magnonic systems [11—13] and hybrids based on the spin—photon interaction [14—17]. A particular advantage
of microwave resonators based on superconductors is the fact that resonators with high and ultra-high quality
factors Q can be realized even for planar designs, e.g. in the form of lumped-element or coplanar waveguide res-
onators [18—20]. While aluminum and niobium represent the well-established materials in superconducting
quantum technology, superconductors with higher critical temperatures 7. exist and are discussed in this con-
text. Niobium titanium nitride (NbTiN) is one of the prime candidates, as it is a hard type II superconductor

© 2022 The Author(s). Published by IOP Publishing Ltd
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with a transition temperature of up to T, = 17 K [21-23] and a large Ginzburg—Landau parameter gy > 50
(kgL = AL/&qr, where AL is the London penetration depth and £ is the superconducting Ginzburg—Landau
coherence length. For NbTiN, we assume AY°T™N = 200 nm [24] and ¢XPT™N = 3.8 nm [25]). The higher T typ-
ically translates into a larger superconducting gap and the large xgp. into a high upper critical field. Altogether,
this offers an enhanced robustness against magnetic fields and better performance at ‘elevated’ temperatures
due to the correspondingly lower density of thermally induced quasiparticles. These properties are of inter-
est for pushing hybrid quantum systems to elevated temperatures [26, 27] and are discussed in the context
of high and ultra-high frequency superconducting qubits. Here, we investigate the performance of thin-film
Nb7Ti3N (NbTiN) lumped element microwave resonators from a materials perspective. Specifically, we focus
on the preparation of the NbTiN thin-films and compare the achieved quality factors for various substrate
configurations.

2. Experimental details

The superconducting resonators are patterned into NbTiN thin films grown by sputter deposition on both pris-
tine (001) oriented high-resistivity Si substrates (p > 10*€2cm) and purchased SiO, (1 m) on Si substrates
(p > 4 x 10°Qcm). We further compare characteristic properties of resonators with identical geometry fabri-
cated from NbTiN thin films deposited on purchased SiO, (150 nm) on Si substrates (p = 1-10{2cm) at the
Physikalisch-Technischen Bundesanstalt (PTB). In addition to the low temperature limit, which is of importance
for applications in superconducting quantum technology, we investigate the performance of our resonators
at temperatures up to 7= 13 K and at applied magnetic fields up to piyHex = 440 mT. The latter param-
eter regime is particularly relevant for applications such as electron spin resonance (ESR) or ferromagnetic
resonance (FMR).

At the Walther-Meifiner-Institute (WMI), the Nb7Ti3oN thin films with a layer thickness of d = 150 nm
were grown on both thermally oxidized and bare Si (100) substrates using reactive dc magnetron sputtering
in a mixed Ar/N,-atmosphere with a gas flow ratio of 36.2/3.8, a deposition temperature of Tgepo = 500°C,
a pressure of py.., = 5 pbar, and a deposition power of P; = 95 W using a 4" Nby,Tis target. These sput-
tering parameters are the result of a growth optimization series to maximize the superconducting transition
temperature of NbTiN reaching a maximum of T. = 16.3 K, determined by dc resistance measurements.

At the PTB, the NbTiN was grown with a layer thickness of 150 nm on a 300 nm thick thermally oxidized
Si substrate with a resistivity of 1-10 Q2cm at RT at an Ar/N, gas flow ratio of 20/2.6 without any substrate
heating and thermalization, a pressure of py,,, = 5 pbar and at a deposition power of P; = 320 W using a
6" NbyTis target.

Atomic force microscopy (AFM) surface roughness scans shown in figure 1 indicate low root mean
squared (RMS) surface roughness values of less than 1 nm for (a) NDTiIN grown on a SiO, substrate
(RMS roughness = 0.6 nm) at the WMI, (b) NbTiN grown on a Si substrate (RMS roughness = 0.7 nm)
at the WMI and (c) NbTiN grown on a SiO; substrate (RMS roughness = 0.8 nm) at the PTB. These AFM
scans can be viewed as representative for the used substrate, as a uniform roughness of the NbTiN throughout
the substrate area of 6 x 10 mm? was confirmed by performing several AFM scans at varying positions on the
chip. Only the NbTiN film grown on a Si substrate at the WMI where the native oxide was stripped off prior to
the deposition using a HF dip (d) exhibits a higher roughness (RMS roughness = 1.5 nm) and larger visible
grains. We attribute this to the highly textured growth of NbTiN induced by the removal of the native amor-
phous oxide layer. We note that only this NbTiN thin film exhibited diffraction peaks in x-ray scans which can
be attributed to a highly textured film with the (002) plane of the cubic phase oriented parallel to the substrate
surface [28, 29]. A detailed analysis of the x-ray diffraction of this sample has been added to the supplemental
material (SM) (https://stacks.iop.org/MQT/2/015002/mmedia) section 1 [30].

Generally, a low surface roughness is desirable to reduce losses in the planar microwave resonators at the
metal—air (MA) interface [31].

The NDTiN films are patterned into planar lumped element resonators using electron beam lithography and
reactive ion etching (RIE) in a mixed SFe/Ar-atmosphere. The investigated chip layout includes a microwave
transmission or feedline, which is coupled in a hanger-type configuration to five lumped element microwave
resonators which slightly differ in their capacitance C and hence their resonance frequency f.. This configu-
ration allows for a multiplexed readout scheme, which we use to assess the resonator to resonator variance
with respect to the Q-factor [see also figure 2(a) for the geometry of the resonator layout]. For measurements,
the finalized chip is mounted in a gold plated oxygen free high thermal conductivity copper sample box and
inserted into a variable temperature helium cryostat. Figure 2(b) schematically depicts the microwave trans-
mission setup employed for our experiments. We connect the two ends of the central feed line to the two ports
of a vector network analyzer (VNA) and record the complex transmission parameter Sy;(f) close to the res-
onance frequency f, for each resonator [cf figure 2(c)] at applied microwave powers that corresponds to the
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(b) 0.7 nm, (c) 0.8 nm and (d) 1.5 nm, respectively.
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Figure 1. AFM surface scans of a 1 ym?-area for the NbTiN film deposited on (a) a SiO,-substrate (b) Si-substrate,
(c) a SiO,-substrate from the PTB, (d) a HF-dipped Si-substrate. The extracted RMS surface roughnesses are (a) 0.6 nm,
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Figure2. (a) Schematic illustration of the resonator design studied in this work. The capacitively shunted meander-type
resonator (CR) layout consists of an interdigitated finger capacitor (red) shunting a meandering inductor (blue). (b) Schematic of
the microwave circuit of the measurement setup. The green arrow indicates the direction of the applied in-plane magnetic field
ioHexe. (¢) Exemplary microwave transmission spectrum |Sy; ()| of a device fabricated from NbTiN grown on Si, measured at

T = 2.2 K and at a microwave power corresponding to =~ 107 photons on average in the resonator. One can identify five resonance
features, which can be attributed to the five resonators (R1-R5) patterned into the chip. Fits to the data according to equation (1)
are shown as red lines. Each of the panels has a frequency width of 2 MHz. The data points of resonator R5 are colored gray as
they are omitted from the statistical analysis. The fitting parameters for each of the resonators are summarized in table 1.

170 141 0 1
f-f| (MHz)

high-photon limit of the resonators ({n,,) =~ 10”). We note that at temperatures in the Kelvin scale, only neg-
ligible changes in resonator quality factors with varying (n,,) were observed as the power-dependent two-level
systems (TLS) are thermally depolarized at these high T.

To guarantee the thermalization of the inner conductor of the microwave line and to reduce the impact
of room temperature thermal noise, the input signal is attenuated by 30 dB close to the SMA connector of
the sample box for the experiments in the helium cryostat. For the experiments performed in the dilution
refrigerator we place the attenuators at the various temperature stages to achieve a thermal microwave photon
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Table 1. Extracted fitting parameters for resonance frequency f;, quality factor Q, internal
quality factor Q;,, and external quality factor Q,,, for the on chip resonators.
Measurements are performed at T'= 2.2 K and at a microwave power corresponding to

~ 107 photons on average in the resonator. Resonator R5 is marked with a *, as it has been
omitted from the statistical analysis due to its exceptionally bad performance caused by a
defect in the manufacturing process.

Resonator f, (GHz) Q (x10%) Qine (x10%) Qext (X10%)
R1 4.672 84.7+ 1.4 215.2+9.0 139.7 £ 0.1
R2 4.806 61.0 £ 0.1 152.2+5.3 101.9 +0.1
R3 4.924 84.3 £0.6 207.8 = 3.8 141.9 £ 0.1
R4 5.026 69.4+23 161.7 +12.0 121.54+0.1
R5* 5.133 179 £ 0.1 50.6 £ 0.1 27.9£0.1

Table 2. Mean fitted quality factors of the NbTiN resonators, deposited on
different substrates. Measurements are performed at T = 2.2 Kand ata
microwave power corresponding to ~ 107 photons on average in the resonator.

Substrate Q(x10%) Qi (x10%) Qux (X10%)
Si0, 9.3+ 1.8 132+ 3.6 38.7 £10.7
SiO, (PTB) 11.7 £ 1.6 21.3+4.5 45.2 +£15.0
Si + native oxide 285+79 208.3 = 70.4 378 £ 11.6
Si + HF dip 74.6 = 7.0 182.5 4+ 22.7 126.3 £9.8

population of n,, < 1 (see SM, figure S3 [30]). At the output connector, we use a 20 dB attenuator for ther-
malization and noise purposes for the experiments in the Kelvin range as well as a cryogenic HEMT amplifier
(gain: 432 dB). By design, each resonator is coupled to the shared feed line with the external loss rate &y, which
is related to the external quality factor Qe = 27f,/2Kex. The internal losses are parameterized by the inter-
nal loss rate ki, which corresponds to the internal quality factor via Qy, = 27f,/2kn.. Using this definition,
the half width at half maximum linewidth (HWHM) is given by k/27 = (Kext + Kint) /27 which relates to the
total quality factor via Q = 27f, /2k. The Q-factors can be extracted from the complex transmission data Sy; (f)
using the ‘circle fit method’ [32]

_ (Q/|Qext|) eid)
1+2iQ(f/h—1)]"

The prefactors in front of the square brackets account for the attenuation and phase shifts attributed to the
microwave circuit. Specifically, the attenuation is given by the constant a, the phase shift by 3, and the elec-
trical delay due to the finite length of the wiring by 7. The expression within the square brackets describes
the response of the resonator itself, including an additional correction €' to describe potential asymmetries
induced by spurious input- and output impedance or standing waves. We note that expanding Q. to the
complex plane allows one to account for differences in impedance between the resonator and the feedline. In
addition, fand f, denote the VNA driving frequency and resonator resonance frequency, respectively.

Sg(l)tch (f) —g eiﬂ e—27rif7'

(1)

3. Results and discussion

3.1. Comparison of NbTiN resonators grown on different substrates

Representative raw transmission data for five resonators patterned on a NbTiN chip grown on highly resistive Si
is presented as |S,; (f)|? in figure 2(c) as open circles together with red lines representing fitting curves following
equation (1). The resonance frequencies f, and quality factors Q of the five resonators, as extracted from the
fits, are listed in table 1. Being interested mainly in the peak performance of our resonators, we choose to omit
resonators with uncharacteristically low Qy,,, such as resonator R5 in table 1 from our analysis. However, this
only affects a single one of the 20 studied resonators and we attribute its worse performance to a deficiency in
our fabrication process (see SM section 2). To provide a concise comparison of average resonator performance
on different substrates, we fabricated and measured four sets of resonators and calculate the mean Q-factors.
We account for the deviations between the on-chip resonators by setting the value for the net error of the Q-
values as the sum of the fitting uncertainty and a statistical error o/v/N, where o is the standard deviation of the
extracted Q-values and N is the number of resonators. The extracted quality factors for all investigated NbTiN
films grown on different substrates as well as the sample from the PTB are listed in table 2. The individual
Q-factors of all resonators that comprise these mean values are listed in the SM section 2 [30].
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Figure 3. Characteristic performance data of a NbTiN resonator (R1 from table 1) grown on a HF dipped, highly resistive Si
substrate, at elevated temperatures and in an external magnetic field. (a) Normalized change in resonance frequency

1 — Af(T)/f? as a function of temperature T. The black dashed vertical line indicates T, and the red curve represents a fit
following the imaginary part of equation (2). (b) Internal quality factor Q;,, normalized by its value at T'= 2.2 K. The red curve
represents a fit to the real part of equation (2) to the data with a finite residual quality factor. (c) Normalized change in resonance
frequency 1 — Af;(11oHex) /f? as a function of an external in-plane magnetic field jz,Hey. The red curve represents a quadratic fit.
(d) Internal quality factor Q;, normalized by its value at j1yHey = 0 mT. The blue dashed lines in (b) and (d) indicate where Q;,
drops below 10°.

For the WMI-NbTIN films grown on SiO,, we obtain an average internal quality factor of
Qi = (13.2 4 3.6) x 10%, which is about 1.5 times lower than for the PTB films [Q,,, = (21.3 £ 4.5) x 10%],
despite the fact that these films have a larger surface roughness [30] and a lower superconducting tran-
sition temperature T. = 14 K. As the NbTiN resonators from the PTB are patterned on substrates with a
smaller SiO, layer thickness (dgi%Bz = 150 nm) compared to the NbTiN resonators grown on SiO, at the WMI
(dgdr' = 1 pim), this result suggests that the thickness of the thermally grown oxide layer has a strong impact
on Q;,.. This is evident as dielectric losses are expected to increase with increasing thickness of the oxide layer.
Furthermore, the precise deposition conditions play an important role on the obtained quality factors. In par-
ticular, the selected deposition power P controls the kinetic energy of the deposited target material clusters
and hence the quality of the metal—substrate (MS) interface. For NbTiN grown on non-oxidized Si substrates,
we achieve one order of magnitude higher average internal quality factors Q, = (208.3 £ 70.4) x 10°. We
attribute this to increased losses from the metal—substrate interface induced by the diffusion of oxygen from
the SiO,-layer into the NbTiN. In order to further reduce losses associated with defects or contaminations at
the MS interface, we performed a buffered HF treatment to completely strip off the native oxide from one of
the highly resistive Sisubstrates prior to deposition. However, for this sample we only achieved internal quality
factors Q;, = (182.5 4= 22.7) x 10°, comparable to those of the untreated Si-substrate. It seems that for the
NbTiN resonators deposited on HF dipped Si, the reduced losses from the metal/substrate interface are com-
pensated by increased losses related to the metal/air interface. This is corroborated by the larger RMS surface
roughness for these films (see figure 1).

Fitting the data to equation (1) also allows to extract the external quality factor. Here, we find that all sam-
ples share an external Q-factor of Q. ~ 4 x 10* within the margin of error. This is expected as we used the
identical layout for all chips with an equal spacing of w,y, = 40 um between feed line and resonators, except
for the HF dipped resonator chip. For the latter we used wgs = 70 um to avoid large uncertainties in Q;,, for
overcoupled resonators. We found Q. ~ 1.3 x 10°. Finally, we note that the Qj,, of our NbTiN resonators
grown on Si are one order of magnitude higher than those of comparable meander-type resonators based
on superconducting Nb described in previous publications from the WMI [18, 33]. Comparing our results
with literature, higher quality factors (Qj,, =~ 10°) for NbTiN have been achieved for coplanar waveguide res-
onators in reference [34]. Regarding publications using similar lumped-element layouts [35], our results are
comparable to those of Nb [36] and NbN resonators [37].

3.2. Performance of NbTiN resonators at elevated temperatures for ESR applications

We next discuss the temperature dependence of the performance of the NbTiN-resonators. Doing so, we specif-
ically focus on R1 from table 1 grown on a HF dipped pristine silicon substrate. Figure 3 shows the relative
change in the resonance frequency and the internal Q-factor in the temperature range (2.2 < T'< 13) K.
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As shown in figure 3(a), the resonance frequency remains roughly constant in the range T < 7 K, and
then begins to visibly decrease with increasing T approaching a relative change of 5.5% at T = 13 K. The
internal quality factor plotted in figure 3(b) shows a much stronger reduction with increasing T, approach-
ing only about 1.5% of its low temperature value at T'= 13 K. In general, the temperature dependence of
the resonance frequency f,(T) and the internal quality factor Q;,(T) of the resonators are determined by the
temperature dependence of the surface reactance X;(T') and surface resistance Ry(T) of the superconducting
material. Following references [35, 38], the relation between these quantities can be expressed as

LMD a
Qine(T) 0 uewdAL(0)

Here o denotes the contribution of the kinetic inductance to the total inductance, i, is the vacuum
permeability and 0Xs(T) = Xs(T) — Xs(0). For fitting the data, we use the expressions [39, 40]

(Rs(T) +16Xs(T)). (2)

1 n,(T)
Rs(T) = Eﬂé)\i(T)wzaoT

0Xs(T) = pow[AL(T) — AL(0)], (3)

where o is the normal state conductivity, n,,(T) is the density of unpaired charge carriers and n the total charge
carrier density. For fitting, we determine 1, (T/T.)/n = 1 — npcs(T/T.) /n, where npcs is the superconducting
particle density, according to BCS theory [41]. Equation (2) can be separated into an imaginary and a real part
corresponding to the temperature evolution of the resonance frequency f, and the quality factor Q. We make
use of this and fit equation (2) to the data presented in figure 3(a) to extract o« = 0.124 £ 0.001. Here, we
assume that A\ (T) = A\L(0)/+/1 — (T/Tc)* [42], with Ar(0) = 200 nm [24] and T. = 16.3 £ 0.1 K, which
was determined by recording S,; (T') while raising the sample temperature (see section 3 of the SM [30]). This
value of « falls into the expected range for planar 2D-resonators (1072 < v < 1) [43-45]. We next fit the
internal quality factor Q;,(T) in figure 3(b) using the real part of equation (2) and extract a normal state
conductivity of ¢y = (11 £ 4) x 10°Q "'m~!, considering the absolute Qj,,. This result is in decent agreement
with the results of Van-der-Pauw transport experiments [46 ] on our blanketed films, where we detected varying
0 in the low 10°Q2 " 'm~!-range. We also experimentally measured the microwave transmission for T > 13 K.
However, here the increasingly steep frequency dependence with temperature limits the reliable determination
of the internal Q-factors, as frequency fluctuations start to dominate the linewidth.

We further investigate the performance of our resonators in an external in-plane magnetic field for ESR- and
FMR-applications [see figure 1(b)]. In figures 3(c) and (d), we plot the normalized shift in resonance frequency
1 — A£(T)/f? and internal quality factor Qj, as function of applied external in-plane magnetic field 11y Hey in
the range from (0—440) mT. For higher 1Hey, the fitting of the S,; (f)-curves becomes unreliable. The observed
reduction in , is fitted with the common quadratic relation [ Af;(poHext) ¢ (poHext)*] [47,48]. For the internal
quality factor Q;, in figure 3(d), we observe a nearly constant Q;,,, until approximately (4yHexy = 130 mT and a
strong decrease for the internal quality factor for higher j1yHey. Regarding the performance of our resonators
at elevated temperatures and in an external field, we achieve a Q;,, > 10° for temperatures T < 4.8 K and
external in-plane fields 1oHey < 180 mT as indicated by the blue dashed lines in figures 3(b) and (d). For
comparison, in reference [49] a reduction of Qj, by a factor of ~20 between zero-field and j,H;, = 180 mT
was observed for Nb resonators. In the same field range, the internal quality factor of our NbTiN resonators
only reduces by a factor of ~2. These results underpin the better suitability of NbTiN as a materials platform
for ESR and FMR experiments as it offers a good resonator performance over both a large magnetic field-
and temperature range in particular for continuous wave spectroscopy or experiments in the strong coupling
regime [13, 17, 18].

3.3. Performance of NbTiN resonators at mK temperatures for quantum science applications

To investigate the performance of our resonators for quantum applications, we investigate the complex
microwave transmission in a dry dilution refrigerator with a base temperature of <7 mK (see figure S3 in
section 4 of the SM for the microwave setup [30]). Using the same sample package as above, we determine
Qi as function of the microwave spectroscopy power P, which is translated into an average photon occu-
pancy (nph) employing additional calibration experiments. Figure 4(a) displays the internal quality factor of
resonator R1 from table 1 grown on HF dipped, high-resistivity Si as function of the average intra-resonator
photon number (1), which is related to P via

(4)

() = P ( 1 2next/2> .

hefo k)2
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Figure4. (a) Intrinsic quality factor of a NbTiN resonator grown on HF treated Si (R1 from table 1) and measured in a dry
dilution refrigerator at T < 7 mK as function of (n,,). The Q-factors and f, are extracted by fitting the S, (f)-spectra to

equation (1) and are then used to convert the calibrated input power P to (n,,) using equation (4). The red line represents a fit to
equation (5). (b) Comparison of Qi ({nn)) for resonators on various substrates. The same continuous increase in Q;, is
observed for all of the investigated resonators.

In figure 4(a), we observe a continuous increase in Q;,; with increasing resonator photon population from
~ 2 % 107 at (npy) ~ 1to ~ 5.2 x 10 at (np,) ~ 10”. Additionally, we observe a plateau at Q;,, >~ 2 x 10° at
low (npn) = 107'-10° representing the single photon regime. However, a saturation in Qj, at high average
photon numbers (1) is not observed, suggesting that TLS induced losses still constitute a substantial loss
channel even at these high (r1,1). The same continuous increase in Qj,,({#1ph)) is observed for NbTiN resonators
grown at the WMI on Si without prior HF-treatment (red) and on SiO; (blue) in figure 4(b). Moreover, this
behavior has previously already been reported in references [34, 50]. The net Q;,, at millikelvin temperatures
is about a factor of two higher compared to the cryogenic setup at T'= 2.2 K, as magnetic field and infrared
shielding reduce losses due to trapped vortices and infrared radiation, while QP losses are frozen out [35, 51].
We fit the measured power dependence of Q. ((r,n)) with [36, 52]

_ 0 (rph) - RS
= F tan Oy (1 + <”;h>> + Q" (5)

where F tan 69 = 1/Qrys represents the total TLS loss at (npn) = 0 and T =0 K, (n},) is a critical mean
photon number above which the TLS defects are saturated and « is an exponent indicating the deviation from
the standard TLS model (in the standard model & = 0.5). Finally, the offset 1/Q* accounts for all other (non-
TLS associated) loss channels. From the fit of equation (5) to Qy, in figure 4(a), we extract the total TLS loss
F tan 6% ¢ = (3.6 £0.1) x 1075, (nfy) = (6.1£0.7) x 103, a =0.14+0.03 and Q* = (7.2 +0.2) x 10°.
The value of a deviates from o = 0.5 expected within the conventional TLS model, however, it is in agree-
ment with the values found for Al [52]. The value for the total TLS loss consists of contributions originating
from the dielectric loss at the metal/air, metal/substrate and substrate/air interface as well as the impact of the
loss tangent of the substrate (S). Assuming that these are known factors and accounting for the geometry of the
resonator, one can compute F tan 6%, ; using Ansys HFSS (Ansys® Electronics Desktop 2020 R2) finite element
simulation software (for details see SM section 5 [30]). Using the loss tangents tan(d;), layer thicknesses d; and
dielectric constants €; /£ of the four dielectric regions from reference [53], we expect F tan 6% ¢ &~ 0.5 x 1076
with the metal—substrate interface and the substrate itself being the dominant loss channels. This value is
approximately one order of magnitude smaller than the experimental value. This suggests that either the
NbTiN/Siinterface is not well described within our model or that other contributions e.g. originating from the
metal/air and metal/substrate interface play a more dominant role. Furthermore, for this chip we determined
an over-etch depth of ~ 40 nm from AFM scans over the resonator edge, which might give rise to additional
losses from the exposed Si trench. A detailed study disentangling and identifying the source of this discrepancy
is beyond the scope of this work. The large value of (1) extracted from this fit is a consequence of the con-
tinuous rise in Qj,,, with (n1ph) as also previously observed for NbTiN in references [34, 50], but also for other
materials i.e. elementary Nb [54, 55], NbN [47, 56] and TiN [53]. One potential explanation is that NbTiN
is considered an extreme ‘dirty superconductor’ with a large defect density. Interestingly, the Q;,; observed in

1
Qint( <nph > )
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our resonators is comparable to NbTiN resonators fabricated with similar processes (i.e., without deep reac-
tive ion etching (DRIE) or hexamethyldisilazane (HMDS) surface passivation) in reference [50]. While this
demonstrates the state-of-the-art performance of our NbTiN films used in high-Q microwave resonators, it
also suggests that defects within the material might still be a limiting factor. In future studies, substrate surface
passivation treatments such as HMDS-based recipied to reduce oxygen-related TLS at the metal/substrate-
interface need to be pursued [34, 52]. To address and improve on these loss channels, future investigations of
the impact on stoichiometry of NbTiN films as well as crystalline growth modes may be beneficial.

4. Summary

In summary, we fabricated planar microwave resonators out of NbTiN thin films, which were grown on ther-
mally oxidized Si and highly resistive Si (001) substrates and we measured and compared their internal quality
factors Qi at T = 2.2 K. We find Q;,; ~ 2 x 10° for resonators grown on Si-substrates, regardless of a HF
treatment prior to deposition and Qj,, =~ 10* for resonators grown on SiO,. A comparison of our results to
a resonator fabricated from a NbTiN thin film grown on SiO, at the PTB revealed comparable Q;,, deviat-
ing only by a factor of about 1.5. The Q;,, for NbTiN grown on Si are one order of magnitude higher than
those reported in our previous publications for comparable resonator layouts based on superconducting Nb
[18, 33]. With the focus on ESR and FMR applications, we demonstrated the usability of our resonators at ele-
vated temperatures of up to T = 13 K and magnetic in-plane fields up to piyHex; = 440 mT with a Q,, > 10°
for T < 4.8 Kand pigHex < 180 mT. Regarding their integration in qubit devices i.e. at millikelvin tempera-
tures, our NbTiN resonators exhibit Q;,; &~ 5 x 10° in the high power limit and Q;,, &~ 2 x 10° in the single
photon limit.
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