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Superconducting thin films with high intrinsic kinetic inductance are of great importance for photon
detectors, achieving strong coupling in hybrid systems, and protected qubits. We report on the
performance of titanium nitride resonators, patterned on thin films (9—110 nm) grown by atomic layer
deposition, with sheet inductances of up to 234 pH/]. For films thicker than 14 nm, quality factors
measured in the quantum regime range from 0.2 to 1.0 x 10° and are likely limited by dielectric two-
level systems. Additionally, we show characteristic impedances up to 28 kQ, with no significant deg-
radation of the internal quality factor as the impedance increases. These high impedances correspond
to an increased single photon coupling strength of 24 times compared to a 50 Q resonator, transfor-
mative for hybrid quantum systems and quantum sensing. Published by AIP Publishing.

https://doi.org/10.1063/1.5053461

In a superconductor, kinetic inductance (KI) is the induc-
tance due to the inertia of cooper pairs. Films with large KI
are attractive for a wide range of superconducting device
applications, including high frequency single photon detec-
tors.! In addition, the degree of non-linearity of the KI with
applied DC current opens up the possibility of novel devices
such as superconducting phase shifters,” ultra-sensitive current
sensors,” and quantum-limited travelling-wave parametric
amplifiers.* Recently, high KI materials have also shown great
promise in hybrid quantum systems that aim to couple micro-
wave photons to spin degrees of freedom.”® These materials
offer increased spin-photon coupling due to larger zero-point
fluctuations of the electric field.” The same films can also be
used to create superinductors in protected qubit devices.*'°
Although superinductors have been realized with a chain of
Josephson junctions,''™"® a high KI nanowire is simpler to
fabricate, does not suffer from spurious junction modes, and
may even provide larger total inductance.'*

In the thin film limit of superconductivity, KI scales as
J7/t, where ¢ is the film thickness and 7, is the London pene-
tration depth. Titanium nitride (TiN) is one of the highest
known KI materials, primarily due to its large intrinsic London
penetration depth, and the KI can be further increased by using
ultra-thin films. Microwave resonators fabricated from thin
TiN films have exhibited excellent coherence,lS*17 with the
highest single photon power internal quality factor exceeding
2 x 10° achieved using sputtering.'® 2" To grow wafer-scale,
thin films with consistently high KI, it is important to have uni-
form film properties across the wafer. Atomic layer deposition
(ALD) offers a conformal and repeatable film of TiN and is
therefore a promising method for fabricating consistent, high
KI microwave resonators. There have been attempts to grow
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TiN films using ALD,'*? and these superconducting films
have been used to study deviations from BCS theory.*?

In this work, we study high KI microwave resonators
fabricated from 9nm to 110nm thick TiN films that are
grown via ALD. Our lumped element resonator design
allows for very high characteristic impedance, while main-
taining a high coherence. Through a combination of the
deposition method, resonator designs, and fabrication proce-
dure, we achieve high internal quality factors (Q;) exceeding
one million at single photon powers for resonators on thicker
TiN films. On the thinnest film, we achieve a characteristic
impedance up to 28 kQ, while also reaching Q; ~ 10°.

In order to understand the film quality of TiN films
grown by ALD, we perform materials characterization by
DC electrical measurements and X-ray techniques. The
superconducting TiN films used in this work are grown on
hydrogen-terminated, high resistivity (>10kQ cm) Si (111)-
oriented substrates, which are cleaned with organic solvents,
Nano-Strip, and buffered-HF immediately prior to TiN depo-
sition. During ALD, the substrate is kept at 270 °C, and we
use Tetrakis(Dimethylamino)Titanium (TDMAT) and nitro-
gen gas (N,) precursors. Each ALD cycle deposits approxi-
mately 0.9A of TiN, allowing for precise control over the
film thickness across the entire wafer. We find that the result-
ing TiN surface roughness (root-mean-square) is 0.4 nm,
measured by atomic force microscopy. After deposition,
samples are patterned using standard optical or electron-
beam lithography methods and etched using an inductively
coupled plasma with Cl,, BCl3, and Ar gas flow. Since etch
chemistry is known to affect a film’s electrical and micro-
wave properties,'” future work may study the effects of a
fluorine-based etch chemistry. We then record the critical
temperature (7,.) and sheet inductance (L) for a range of
different film thicknesses [Fig. 1(a) and Table I]. The inset

Published by AIP Publishing.
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FIG. 1. Materials characterization of TiN grown by ALD. (a) Superconducting critical temperature (7,) and sheet inductance (L) of TiN as a function of film
thickness (#). The bars denote the temperatures when there are 10% and 90% reductions in resistivity from the value at 6 K. The inset shows the dependence of
tT. on R, with a fit (red line) to 1T, = A RaB : A =1554%1, B =0.67%0.02. (b) © — 20 X-ray diffraction scan of TiN on Si (111). Data are background sub-
tracted using a measurement of the clean Si substrate. The increased noise at lower 2@ values is from the Si (111) Bragg diffraction peak. (c) X-ray photoelec-
tron spectroscopy of Tiy, surveys from TiN films. Bulk TiN spectra were obtained by Ar* ion etching into the middle of a 109 nm thick TiN film. These

samples were left in air at room temperature for 1-4 months.

of Fig. 1(a) shows that our films follow a universal relation
that links thickness, T, and sheet resistance, which has been
observed for other thin superconducting films.** Moreover,
the exponent B =0.67 = 0.02 we measure is similar to TiN
from other work.”’

The critical temperature decreases from 4.6 K for the
thickest film (r=109nm) to 3.0K for the thinnest film
(t=28.9nm), which can be attributed to disorder enhanced
Coulomb repulsions.”®?® It is worth mentioning that we
were unable to produce a superconducting film with # ~ 5 nm
(Fig. S1). Nevertheless, TiN grown by ALD thinner than
t=28.9nm has been shown to go superconducting,*"** and it
is possible that more optimization of surface preparation and
the growth recipe could allow for thinner superconducting
films by this method.

A main feature of these films is their high kinetic induc-
tance. We determine this quantity from Lo = hiRpn/mAy,
where the sheet resistance R = p/t is measured just above T..
and Ay = 1.76kpT, is the superconducting energy gap for
TiN**?" predicted by BCS theory. A monotonic decrease in
T. with the decreasing film thickness is therefore linked to a
monotonic increase in L, which is eventually limited by the
thinnest film we can grow that still superconducts. We
achieve a maximum L = 234 pH/J, more than a hundred-
fold increase compared to the thickest film. This demonstrates
the potential for TiN grown via ALD as a high KI material.

TABLE 1. Properties of ALD TiN films for various thicknesses. The thickness
(t) of each film is measured via ellipsometry, except for thicknesses marked
with an asterisk (*), which are interpolated. The remaining parameters are
determined from four wire resistance measurements. The critical temperature
(T,) shown is the temperature at a 50% reduction in resistivity (p) from 6 K.

Cycles t (nm) T. (K) p (1 cm) L(pH/O)
100 8.9 3.01 449 234
125 10.7* 3.17 332 146
187 14.2 3.63 206 56
300 25.7* 3.76 186 28
625 49.8 4.05 103 7.1
1250 109.0 4.62 62 1.7

We perform X-ray diffraction to determine the dominant
crystal orientation of the films. The X-ray diffraction patterns
of a 109nm thick TiN sample, chosen in order to yield
the highest intensity, show a Gaussian peak at 2@ =42.32°
*0.01° [Fig. 1(b)], corresponding to (200)-oriented TiN.
Furthermore, there is no detectable diffraction peak from
(111)-oriented TiN at 20 = 36.5°. We estimate a lattice
parameter a=426A for the face-centered cubic TiN, which
agrees with previous results using sputtering'”'*° and first-
principles calculations.”® These data show that bulk TiN grown
by plasma enhanced ALD is preferentially (200)-oriented on
Si (111) substrates. More material studies with synchrotron X-
ray sources could help to understand the structure and ordering
of ultra-thin films.

The chemical composition of TiN is discerned by X-ray
Photoelectron Spectroscopy (XPS). We find a Ti:N stoichiomet-
ric ratio of 0.96 = 0.04, determined by comparing the Ti 2p and
N 1s peak areas with binding energies of 454.9eV and
397.2 eV, respectively. In conjunction with XPS, we use second-
ary ion mass spectroscopy (performed by EAG Laboratories,
Inc.) to quantify various impurities. The concentrations of H, C,
and O are observed to be approximately 2%, 3%, and 1%,
respectively, throughout the bulk TiN (Fig. S2).

Since oxygen is known to affect the properties of TiN,
we characterize oxide growth on the film surface by XPS
measurements. Ti 2p spectra from the surface indicate the
presence of TiO, by the 2p;/, peak at 458.6¢eV [Fig. 1(c)].
The higher binding energy (2p; /) peaks are expected from
spin-orbit coupling. Near the TiN surface, we find a thin
intermediate TiO,N, transition layer.”**’ The peak intensity
of TiO, increases with aging, and we attribute this to a slow
growth of a 5-8 nm thick oxide layer over a time scale of
months. In addition, Ar" milling reveals that the TiO.N,,
transition layer persists and is between TiO, and bulk TiN.
The presence and growth of an oxide layer, initiated by
forming titanium oxynitride readily in atmosphere, are con-
sistent with previous TiN film oxidation studies.”*>° Since
an amorphous oxide layer can act as a lossy dielectric, all
resonators in this work are grown, patterned, and mounted
inside a dilution refrigerator within three days to minimize
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the time each film was exposed to an oxygen rich
environment.

To verify that these films are low-loss at microwave fre-
quencies, we pattern each film with a series of lumped ele-
ment microwave resonators. Our design has an explicit
capacitor and a meandering inductor to ground, as shown in
Fig. 2(a). Each chip contains eight to ten resonators which
are separated from a microwave feedline whose gap and pin
width are carefully adjusted to match the 50 Q impedance of
the printed circuit board (PCB) and amplifier chain. On a sin-
gle chip, all resonators are designed with equal capacitance
C to ground. As a consequence, the resonance frequency fj is
varied by adjusting the length of the inductor, while keeping
the width constant at w =3 um.

We measure resonators that vary in thickness from
8.9nm to 109 nm and study the effect of the film thickness
on the internal quality factor (see Fig. S3 for the measure-
ment setup). A typical normalized transmission spectrum at
a low average photon number (n,, ~ 3) of a resonator
(t=109 nm) is shown in the inset of Fig. 2(b). At the reso-
nance frequency, we observe a dip in magnitude, which is
captured well by

1_ 1.9 o 1
S =1 50e 14 2i0:(f = fo) /fo’

o:
where Q7 is the effective coupling quality factor and ¢ is the
rotation in the complex S5! plane due to impedance mis-
matches between the resonator and the feed line.*' It is
important to take this into account, especially for thin films
(t=38.9, 14.2nm) where the high KI makes it difficult to
avoid impedance mismatches between the feed line and
PCB. Further investigation shows that Q; increases at higher
microwave power [Fig. 2(b)] and eventually saturates at
O max for ny, > 10°. This increase and saturation of Q; are
well described by a power dependent saturation mecha-
nism,**** which likely originates from two-level systems on

the surface of TiN or Si."”
We now repeat the measurements from Fig. 2(b) for
four film thicknesses between = 8.9 and 109 nm and visual-
ize the results in Fig. 2(c), where we plot Q; of four separate

ey)

(b)

2.5
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chips grouped by film thickness. All resonators show high
internal quality factors exceeding 1 X 10°. In particular, the
highest Q; values are obtained with the t=49.8 nm sample,
for which seven of ten resonators have Q,(np, = 1) > 10°.
Since all resonators, except for those patterned on the thin-
nest film, show an increase in Q; with incident microwave
power, Q; is most likely limited by two-level systems at
T=20 mK and np, = 1. In contrast, resonators on the thin-
nest film (= 8.9 nm) do not show this characteristic increase
with power. Additionally, as the temperature is increased
towards T, the Q; of the thinnest resonators deviates signifi-
cantly from a model derived from BCS theory (Fig. S4).
This suggests that Q; is limited by suppressed superconduc-
tivity instead of two-level systems. Nevertheless, these
resonators still have high quality factors of Q;(ny,=1)
~1x10°.

In order to use these resonators in cavity QED experi-
ments,”* a high characteristic impedance Z is desirable since
it can considerably enhance the coupling strength g. Since g
is linearly proportional to the amplitude of zero-point fluctu-
ations,’ g scales as fyv/Z (see supplementary material). We
maximize the impedance of our lumped element resonator
design by removing any explicit capacitor and making the
resonator a meandering wire of width w and length /, as
shown in Fig. 3(a). For this design, the stray capacitance
scales with the perimeter rather than the area of the resonator
such that the resonance frequency fy o< (w /Z3)% and imped-
ance Z o (¢/ w3)%. From this, we expect an increased imped-
ance as we decrease w from 2 um to 75 nm, while keeping ¢
approximately constant.

Figure 3(b) shows the impedance and measured Q; as a
function of inductor wire width w for film thickness #=8.9
(red) and 14.2nm (blue). The maximum impedance of
Z=28kQ is achieved for the thinnest film and narrowest
inductor, and since the electric dipole coupling strength in a
hybrid system scales as fy\/Z, this would result in a coupling
enhancement of /Z/50 Q = 24 times. Even for the thickest
film and widest wire, the impedance Z=1.76kQ is more
than 35 times larger than a conventional 50 Q microwave
resonator. For both films, we observe no strong dependence

Q, (x10°)

89nm 142nm 49.8 nm

§ Id
o 106'? HHHHNH HEH H:HH H_.u!!H

10°3~"-l== =n=
E 5]

109 nm

FIG. 2. Microwave characterization of high quality factor resonators. (a) Optical micrograph of a typical resonator (=49.8 nm) used in this work, which can
be described by the circuit model shown on the right. We measure transmission from port 1 to port 2. (b) Power dependence of the internal quality factor for a
resonator patterned on a 109 nm thick TiN film at 7=20 mK. The solid red line is a fit to a two-level system model that includes saturation at low and high
powers. Insets show the lineshape (log magnitude, top left and inverse real and imaginary, lower right) at an average photon number 7, &~ 3. For this resonator
0: =0.74 x 10°. (c) Internal quality factors of all resonators in this study, grouped by film thickness. For a single film thickness, each resonator’s internal
quality factor increases with power, visualized as a bar. The bottom of each bar corresponds to single photon Q;, whereas the top corresponds to the high power
saturated Q; or the Q; just below bifurcation (if bifurcation was observed). The average Q; of these resonators ranges from 1.1 x 10° (¢=109nm) to 9.4 x 10°
(t=14.2nm).
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FIG. 3. High Q, high impedance resonators. (a) Optical micrographs of high
impedance TiN (false-colored yellow) microwave resonators with inductor
wire width w =2 um (top) and w = 100 nm (bottom). Note the different scale
bars. (b) Internal quality factor (top) at 20 mK and characteristic impedance
(bottom) of the resonator designs shown in (a) as a function of w.
Resonators are fabricated on TiN films 7 = 8.9 nm thick (red) and r = 14.2nm
thick (blue). Z is estimated from 2xfy(w)L¢/w, where both L (see Table
I) and fo(w) were determined experimentally. The solid lines are a guide to
the eye showing a wi dependence as predicted from the main text.

of Q; on w down to 75 nm, showing that we are able to produce
high impedance resonators without having to sacrifice Q;.

In conclusion, ALD grown TiN offers high quality films
that can be used in detectors, hybrid systems, and protected
qubits. Microwave resonators fabricated on films of thick-
ness ¢ > 14.2nm showed internal quality factors exceeding
2 x 10° at single photon powers, whereas a reduced Q; was
observed for the thinnest film. On the thinnest film, a modi-
fied lumped element resonator design with no explicit capac-
itor and footprint of only 8 x 8 um? achieved impedances up
to 28 kQ. Moreover, we found no dependence of Q; on the
impedance down to w="75nm. Future work includes fabri-
cation of high impedance resonators on different high KI
films, such as NbN or NbTiN, and studying even narrower
inductor wires down to w = 10 nm, where an increased phase
slip rate may affect cavity quality factors and be an interest-
ing platform for studying the breakdown of superconductiv-
ity.* In this regime, high KI materials can also be used in
phase slip junctions.*®’

See supplementary material for a description of the
experimental setup and additional DC and microwave film
characterization.
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