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Minimal resonator loss for circuit quantum electrodynamics
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We report quality factors of up to 500X 10% in superconducting resonators at the single photon
levels needed for circuit quantum electrodynamics. This result is achieved by using NbTiN and
removing the dielectric from regions with high electric fields. As demonstrated by a comparison
with Ta, the crucial sources of intensity-dependent loss are dielectrics on the surface of the metal and
substrate. © 2010 American Institute of Physics. [doi:10.1063/1.3458705]

In circuit quantum electrodynamics quantum informa-
tion processing is done by coupling the qubit state to a
single photon bound to a superconducting resonator.' The
lifetime of a single photon with frequency f is defined by:
r=0Q/2mf,> therefore a high resonator quality factor (Q) is
needed to maximize the lifetime. Presently used resonators,
made from Nb or Al, have quality factors on the order of 10*
to 105.2° In contrast, sugerconducting resonators for astro-
nomical photon detection’ have shown quality factors in ex-
cess of a million in the many-photon regime. One would like
to maintain these high values down to the single photon
level. Therefore, we study the unloaded quality factor of Nb-
TiN and, for comparison, Ta quarterwave resonators down to
the single photon level. NbTiN has a minimal dielectric layer
compared to Nb, Al and Ta.® We find that in the single pho-
ton regime the quality factor of NbTiN resonators is so high
that the loss is largely due to the exposed substrate. In con-
trast, for Ta resonators the quality factor is limited by the
metal surface. We show that a further reduction in the loss in
NbTIN resonators is achieved by removing the substrate
from the regions with a high electric field density. This in-
creases the quality factor to half a million for resonators with
a central line width of 6 um, three times higher than re-
cently reported for Re.”

We use NbTiN and Ta quarterwave coplanar waveguide
resonators which are capacitively coupled to a feedline,”®
see inset Fig. 1. This allows extracting the unloaded quality
factor from the feedline transmission. The NbTiN films, 300
and 50 nm thick, are dc sputter deposited on a hydrogen
passivated high resistivity (>1 k€ cm) (100)-oriented Si
wafer. The NbTi target used contains 70 at. % Nb and
30 at. % Ti. Patterning is done by reactive ion etching in an
SF¢/ O, plasma. For the 300 nm thick film the critical tem-
perature is 7.=14.7 K, the low temperature resistivity is p
=161 u cm and residual resistance ratio RRR=0.94. For
the 50 nm thick film: 7,=13.6 K, p=142 u) cm, and
RRR=0.96. The 150 nm thick Ta film (7,=443 K, p
=8.4 w{) cm, and RRR=3.0) is sputtered on a similar wafer
and patterned in a CF,/ 0O, plasma. The devices are cooled to
310 mK using a He-3 sorption cooler, and down to 60 mK
using an adiabatic demagnetization refrigerator. The sample
space is magnetically shielded.” We use a vector network
analyzer, locked to a frequency standard. An isolator is
placed in front of the low noise amplifier.

The unloaded quality factor of NbTiN and Ta resonators
is plotted versus applied photon number'” in the resonator in
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Fig. 1. The resonators have resonance frequencies in the 3—-6
GHz range, a central line width of S=3 um and a gap width
of W=2 um. Bath temperatures are 60 and 310 mK. In the
many-photon regime, quality factors between 0.8 X 10° and
1.5 X 10° are observed for both materials. In addition, in this
regime the 60 and 310 mK data overlap. With decreasing
applied photon number the quality factors decrease. For
NbTIN resonators, a weak intensity dependence is observed
and quality factors decrease to ~250% 10° at 60 mK in the
single photon regime. On the other hand, Ta quality factors
degrade quickly, decreasing to ~40X 10°. Interestingly, an
inflection point is visible in the NbTIN data around
(nphomm)= 10—103, whereas Ta data show a plateau at low
intensities. Additionally, at low intensities a temperature and
frequency dependence develops for both materials. At 310
mK (open symbols) the quality factors are increased, for
resonators with lower frequencies the increase is larger.
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FIG. 1. (Color online) The unloaded quality factor of NbTiN and Ta quar-
terwave resonators vs applied microwave photon number in the resonator.
Bath temperatures are 60 mK (closed symbols) and 310 mK (open symbols).
Central line width is S=3 um and gap width is W=2 um. Frequencies of
the resonators used are 3.7 (V), 4.2 (#), and 6.2 () GHz for the NbTiN,
and 3.2 (W), 4.5 (@), and 5.0 (A) GHz for Ta. The solid lines are fits using
Eq. (1). The quality factors of the metal surfaces (dashed), exposed substrate
surface (dotted) and a fixed loss term (dashed-dotted) are shown for the 3.7
GHz NbTiN data. The right inset shows the microwave loss in the single
photon regime vs tanh(hf/2kT). The left inset shows the resonator geometry.
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Previously, we have shown that NbTiN resonators
contain fewer dipole two-level systems (TLS) than Ta, by
measurements of the resonator frequency temperature
dependence.8 Dipole TLS are configurational defects with
dipole moment p which reside in amorphous dielectrics,""
such as native oxides. Dielectric loss at low temperatures

(kKT<hf) arises from resonant absorption: 1/Q

o tanh(hf/ 2kT)/\1+E*/ E2.'"""* The factor tanh(hf/2kT) re-

flects the thermal population difference between the lower
and upper level. With increasing intensity TLS are excited,
lowering the loss. The saturation field E,=%/p\T,T, is con-
trolled by the dipole moment and relaxation times 7 and 7.

The microwave loss of our resonators in the single pho-
ton regime scales with tanh(hf/2kT), see the inset of Fig. 1,
consistent with resonant absorption from TLS. This also ex-
plains the frequency dependence which develops at 310 mK.
Moreover, different resonators made from the same material
follow the same trend, indicating that the loss is very com-
parable over the whole chip. In addition, the slope for Ta is
steeper than for NbTiN, consistent with a larger TLS density
for Ta, compared to NbTiN resonators.

In order to identify the location of these TLS and quan-
tify the influence of their saturation on the quality factor, we
calculate the effect of a hypothetical thin dielectric layer with
thickness #— 0 containing TLS. Dielectric loss in a quarter-
wave resonator due to dipole TLS is given byz’]3

1 E(7))?
tanh(ﬂ) _E()Ehf ff | Er)| dr
1 2kT) 2 Vi V1 + |E(P)/E2
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4
with V, the standing wave voltage inside the resonator, [ its
length, and C the capacitance per unit length. The dielectric
loss of the layer is 1/Qso=Nwp*/3€y€,, with N the TLS
density of states and V), and ¢, the volume and relative per-
mittivity of the dielectric layer hosting the TLS.

The electric fields for our resonator geometry are
calculated by using the potential matrix P to
find the charge density g¢: V=Pq.2’]4 The substrate is in-
cluded using the method of partial image charges. The po-
tential matrix elements are given by P;=P;=—(In|r,—r/]
+K In|r;=r||)/2me, for i#j, and P,=—[In a+K In(|r;—r;]
+a)]/2me;, with r; the location of the ith element, rf the
location of the ith element mirrored in the plane of the sub-
strate surface, a its radius, and K=(1-¢,)/(1+¢,) and €, the
relative permittivity of the substrate. The electric fields and
magnetic fields are shown in Fig. 2(a).

We place this hypothetical layer on either the exposed
substrate surface, top metal surface, etched metal edges, or at
the substrate—metal interface. Interestingly, when the dielec-
tric layer is placed on any of the metal surfaces, its contri-
bution to the loss is two orders of magnitude larger than
when placed on the exposed substrate [Fig. 2(c)]. This is due
to the high electric fields near the metal. In addition, a di-
electric placed near the metal leads to a much stronger power
dependence than when located on the substrate [Fig. 2(b)].
We use this to distinguish between surfaces. Furthermore, the
quality factor increases with central line width, irrespective
of the location of the dielectric.

In Fig. 1, we show that the power dependence of the
quality factor arises from the superposition of loss (solid
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FIG. 2. (Color online) (a) The charge distribution (red denotes a positive
charge, blue a negative, and green a neutral one), electric fields (red arrows),
and magnetic fields (blue arrows) in the coplanar waveguide geometry. (b)
The power dependence using Eq. (1) for a TLS distribution placed on the
exposed substrate surface, top metal surface, substrate—metal (sub-met) in-
terface and etched metal edges. Q,=10°, and at low intensity each surface is
assumed to limit the Q to 300 X 10°. (c) The normalized contribution to loss
of the dielectric layers vs central line width S, for W=2 um (solid) and
W=(2/3)S (dashed).

lines) from TLS [Eq. (1)] located at the metal surfaces
(dashed line) as well as at the exposed substrate surface (dot-
ted line)." Interestingly, for NbTiN resonators the exposed
substrate, together with the metal surfaces, is a significant
contributor to the microwave loss. This superposition of
loss closely describes the observed point of inflection at
(Mphotonsy=10*-10% as well.

The saturation fields of NbTiN are on the order of 50
V/m, see Table I, similar to values for Re and Al? For Ta we
find a large spread in the saturation fields. The dielectric loss
of NbTiN is clearly smaller than that of Ta. The substrate
surface values are consistent with SiO,. The saturation field
is E;~2-5 kV/m; comparable to measurements on vitreous
silica.'® Moreover, a value of E ,~2-3 kV/m has been re-
ported for SiO, also by Martinis et al. "2 The quality factor of
the Si surface layer, assuming =3 nm and €,=4, lies around
15-200, which is on the order of the value of ~200 reported
for SiOz.12 At high intensity the quality factors are tempera-
ture independent, suggesting loss other than due to TLS. We
include an intensity-independent fitting term 1/Q to account
for this loss. We suspect that we reach the level of the intrin-
sic loss of the superconductor. For Ta, relaxation times satu-
rate for 7/ T, < 0.2," suggesting that the quasiparticle density
becomes temperature independent. At 7/7,.=0.2 we estimate

TABLE 1. The quality factor of the dielectric layer containing TLS, its
saturation field, and the additional loss factor for the superconducting metals
and for their Si substrates, used for fitting the data in Fig. 1, using Eq. (1)
and 1/Q=1/00+1/ Q15 metl Esmed) + 1/ Qris sub(Eysun).  Calculations  have
been done for €,=1 and r—0.

Orisof €t E;
Material 0, (10°) (1/nm) (kV/m)
NbTIN 0.9-1.3 330-450 0.05
Ta 1.7-3 70-90 0.1-2
Si (NDTIN) 13-16 5
Si (Ta) 1.1-1.9 2
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FIG. 3. (Color online) The unloaded quality factor vs applied photon num-
ber of NbTiN quarterwave resonators with the standard geometry and §
=3 pum and W=2 um (<) (6.2 GHz), and with grooves etched in the
exposed Si substrate with S=3 um and W=2 um (%) (4.7 GHz), and S
=6 pm and W=2 um at frequencies of 4.2 (M), 4.4 (@), and 5.2 (A) GHz.
Bath temperature is 60 mK. The left inset is a scanning electron microscope
image from the standard coplanar waveguide design, the right inset shows
the etched grooves near the open end of the resonator (S=3 um in both
images). The cross section of the etched resonators is outlined in Fig. 2(a).

0~ 10° based on Mattis—Bardeen, on the order of values
found for Q,.

The data in Fig. 1 and the analysis provide a clear guide
toward improving the quality factor. Ta suffers from signifi-
cant microwave loss due to dipole TLS in its metal surface.
We believe that the presence of a native oxide is the reason
why resonators made of Nb, Ta, Al, or deposited on top of
Si0,, consistently show low quality factors in the single pho-
ton regime.H’ In this respect NbTiN is different because the
metal atoms are bound to nitrogen. Moreover, resonators
with §=3 um and W=2 um have quality factors around
250X 10°, nearly a doubling compared to Re on Si resona-
tors which have quality factors around 150X 10° (loaded,
with Q,>Q,) and are wider (S=5 um and W=2 um).
Nevertheless, the NbTiN resonator quality factor is signifi-
cantly limited by the exposed Si surface. Therefore NbTiN
has a clean surface compared to Si, as the metal influences
the loss much stronger [Fig. 2(c)].

With NbTiN shown to be a superior superconductor, we
have redesigned our resonators to have fewer dielectrics. We
have made 50 nm thick NbTiN resonators, fully straight,
which are aligned along the (110) axis of the (100)-oriented
HF-cleaned Si wafer. Using KOH wet etching, grooves of
0.9 um deep are etched in the gaps along the full length of
the resonators, see the inset of Fig. 3; this removes the sub-
strate surface from the region with the highest electric field
density [black lines in Fig. 2(a)].

The NDbTiN resonators with grooves etched in the gaps
have significantly higher quality factors, see Fig. 3. In the
single photon regime, the quality factor has improved from a
value of 250X 103 for the standard design to an intensity-
independent plateau value of 350X 10? for the etched reso-
nators, for S=3 um and W=2 um. Moreover, this increase
is a clear indication that the Si surface was the limiting factor
also for another reason: the decrease in dielectric has lead to
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a decrease in the capacitance C in Eq. (1). Therefore, if the
metal surfaces would dominate the losses, the quality factors
would decrease. The intensity-independent plateau points to-
wards a single surface dominated loss. With the Si removed,
the loss at the single photon level is dominated by the metal
surfaces. Determining which surface is complicated by the
similarity in dependence on intensity and width (Fig. 2). In
the many-photon regime the loss is more due to the exposed
substrate surface, indicated by the higher quality factors
for etched resonators and the high saturation field values.
When increasing the width to S=6 um and W=2 um, the
quality factor improves to around 450 X 10°. This increase is
consistent with Fig. 2(b) and shows that further increases can
be obtained by widening.

With quality factors as high as 470X 10°, we estimate
single photon lifetimes of 18 us at 4.2 GHz, one order of
magnitude longer than decoherence times measured for su-
perconducting qubits.l&19 These long lifetimes make super-
conducting resonators, as shown in Fig. 3, appealing building
blocks for a quantum processor, as they can be used as quan-
tum memory elements® and for a quantum bus for long-
range qubit—qubit coupling.ﬂ’22 Interestingly, the resonators
with grooves also have less frequency noise.

To conclude, we have found NbTiN resonators to have a
higher quality factor in the single photon regime than any of
the previously studied superconductors, indicating it has a
minimal lossy dielectric layer. The losses arise largely due to
a surface distribution of TLS on the exposed Si substrate. By
removing the substrate from the region with highest
electric fields the quality factor is increased further, showing
that using NbTiN resonators and removing dielectrics is a
straightforward route to high quality factors in the single
photon regime.
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