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Tantalum (Ta) is a promising material for superconducting qubits due to its stable chemical properties, formation of
a single oxide, and resistance to reaction with other substances. However, achieving the desired a-Ta typically requires
high-temperature substrate heating, leading to a time-consuming process and stringent requirements for the film deposition
system. Here we demonstrate the deposition of high-quality ¢-Ta at room temperature using a niobium (Nb) film as a buffer
layer. The buffered films are characterized using x-ray diffraction, transmission electron microscopy, and scanning electron
microscopy. Transmons with capacitors, transmission lines, and readout resonators fabricated with such Nb-buffered Ta
exhibit excellent performance. We observed an “inflection point” in the dependence of the Q; of the resonators on the
input microwave photons, which can be fitted well with an expression for the superposition of the buffered resonators.
These experimental results show that the buffered films deposited at room temperature have promising applications in

superconducting devices.
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1. Introduction

Superconducting qubits are among the most promising
platforms for quantum computing. Significant improvements
in qubit coherence times have been achieved through the opti-
mization of circuit design, material selection, and fabrication
processes.!!'"1°1 Materials such as niobium (Nb), aluminum
(Al), niobium nitride (NbN), titanium nitride (TiN), and nio-
bium titanium nitride (NbTiN) are commonly used in the pe-
ripheral cireuits of superconducting qubits. Major sources of
two-level systems (TLSs) are the presence of defects in the
crystal lattice and on the interface and/or surface of materi-
als. The energy difference of these defects is close to that
of the qubit, which induces the decoherence of the qubit.!!6]
Recently, o-phase tantalum (Ta) films have garnered increas-
ing attention due to their superior performance. Superconduct-
ing qubits based on a-phase Ta films exhibit significantly en-
hanced coherence times,!'>~'4 which is mainly attributed to
the lower microwave loss of tantalum oxide compared to tradi-
tional materials such as Nb and Al. Additionally, Ta’s chemi-
cal stability and resistance to reactivity facilitate the multi-step
cleaning processes, making it an ideal material for supercon-
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ducting qubits.

Ta may exist in two phases: the o-phase (¢-Ta), which
has a body-centered cubic (bcc) structure with a lattice con-
stant of 3.306 A, and the B-phase (-Ta), which features a
tetragonal lattice structure with lattice constants a = 10.194 A
and ¢ = 5.313 A. The resistivity of B-Ta is an order of mag-
nitude higher than that of o-Ta, although both a-Ta and 3-Ta
are superconducting. The critical temperatures (7;) of bulk
o-Ta and B-Ta are 4.48 K and 0.6 K, respectively. B-Ta is
typically obtained when the film is deposited at room tem-
perature, whereas ¢¢-Ta can be achieved by controlling the ar-
gon gas pressure during DC magnetron sputtering.!!”-18 Ad-
ditionally, a-Ta can be obtained through the application of
a bias to the substrate during RF sputtering,'”! or via high-
power impulse magnetron sputtering combined with the neg-
ative bias of the substrate. Vacuum annealing at 700 °C can
also assist the transition from B-Ta to a-Ta.[?-?2] Although
some of these methods allow for the deposition of ¢-Ta with-
out heating the substrates during sputtering, they often result
in the formation of multiple crystal orientations. In order
to obtain pure «-Ta, the film growth is typically performed
with high-temperature heating. For example, previous studies

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

108503-1


https://doi.org/10.1088/1674-1056/ae23af
https://cstr.cn/32038.14.CPB.ae23af
mailto:gzsun@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 108503 (2026)

have successfully deposited ¢-Ta films on sapphire substrates
using high-temperature techniques.!'?"'423241 However, the
long growth duration associated with high vacuum and the
tendency of photoresists to be carbonized at high tempera-
ture limit the applicability of o-Ta films in some fabrication
processes such as building suspended structures and/or lift-off
processes. To reduce the time and cost associated with film
growth and enhance the fabrication flexibility, Nb has been in-
troduced as a buffer layer. Nb has a body-centered cubic struc-
ture, and its lattice constant matches that of a-Ta with only
a 1% mismatch, which promotes the growth and nucleation
of a-Ta.l>>-?71 By depositing a Nb film as the buffer layer,
a-Ta has been successfully grown at room temperature, 228!
and implemented in high coherence quantum circuits. Re-
cently, some researchers have successfully grown a-tantalum
films at room temperature without a seed layer. However, this
growth window remains relatively narrow.>”! To achieve sta-
ble growth of ¢-tantalum films at room temperature, the in-
troduction of a seed layer remains essential. Here, we demon-
strate the implementation of low-loss a-Ta films using Nb as
the buffer layer on sapphire substrates in transmon qubits and
CPW resonators.

Here, we propose and demonstrate the deposition of low-
loss o-Ta films using Nb as the buffer layer on sapphire sub-
strates at room temperature. The buffered films are charac-
terized by x-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), and scanning electron microscopy (SEM).
We fabricate resonators and transmons with such Nb-buffered
a-Ta, which exhibit interesting and excellent performance.
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In our experiments after one year, we find that although the
Q; of the resonator decreases, the performance of the qubits
increases, which is caused mainly by the temperature. Fur-
thermore, we observe an “inflection point” in the dependence
of the Q; of the resonators on the input microwave photons,
which can be described by a model including the sum of losses
in the buffered films. This may be helpful in understanding the
TLS sources in the superconducting resonators and qubits.

2. Results and discussion
2.1. Characterization of the films

Following the methods. described in the supplementary
information, we deposited the Nb-buffered Ta film and fab-
ricated superconducting resonators and transmon qubits. Sev-
eral crystal orientations may exist in a-Ta, with the 110 orien-
tation expected to be dominant. The XRD result in logarith-
mic coordinates (Fig. 1(a)) shows the crystal orientation of the
Nb-buffered Ta film. For comparison, the XRD result of a Ta
film deposited at room temperature with the same thickness
but without the Nb buffer layer is also shown. The latter film
exhibits several crystal orientations: (002), (110), and (004),
suggesting a mixture of a-phase [(110)] and B-phase [(004)
and (002)], which are consistent with the previous results. >3]
Figure 1(b) shows the rocking curve for the (110) orientation
(highlighted by a purple box in Fig. 1(a)). The presence of the
bottom Nb layer improves the matching between the upper Ta
film and the sapphire substrate, promoting the growth of ¢-Ta.
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Fig. 1. (a) XRD result for the Ta films with and without a 14-nm Nb buffer layer. (b) Rocking curve around a-phase Ta (110) indicated by the
purple box in panel (a). (c) Temperature dependence of the resistivity of the Ta film with a 14-nm Nb buffer layer. The superconducting transition
temperatures of the bottom Nb and the upper Ta are about 5.09 K and 2.97 K, respectively. (d) Cross-sectional TEM image of the Nb-buffered Ta
film near the sapphire substrate. (¢) SEM image of the Nb-buffered Ta film with grains clearly demonstrated. (f) Sample containing two resonators
(R1 and R2) and two transmons (Q1 and Q2). The inset shows the SEM image of the area around the Josephson junction.
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The resistance versus temperature of the Nb-buffered Ta
film is measured, as shown in Fig. 1(c), in a pulse tube re-
frigerator with the lowest temperature of about 2 K. The size
of the measured sample is about 13 mm x4 mm. Two su-
perconducting critical temperatures (7;) are observed: one is
approximately 5.09 K for Nb, and the other is about 2.97 K
for Ta. The T of the Ta film is lower than that of its bulk
material. Because the sputtering temperature, power, and time
during the growth of the Ta film will greatly affect its T¢,[30!
the optimization of the growth conditions is promising for im-
proving the T of the buffered Ta film. The Nb-buffered Ta film
is also characterized using SEM and TEM. Figure 1(d) shows
the cross-sectional TEM of the Nb—Ta film. From left to right,
the layers are sapphire, Nb, and Ta, respectively. The 14-nm
thick Nb buffer layer is clearly evident. The Ta film exhibits a
particle size of about 67 nm, and the arrangement and appear-
ance of the grains closely resemble those of high-quality o-Ta
films, [12-14.23:27311 a5 shown in Fig. 1(e).

2.2. Resonator performance

As shown in Fig. 1(f), two resonators (labeled as R1
and R2) and superconducting transmon qubits (labeled as Q1
and Q2) have been fabricated using Nb-buffered Ta film on
the same substrate. Each resonator is a coplanar-waveguide
quarter-wavelength one with a central conductor that is 10 pm
wide, positioned 5 pm from the ground to ensure a charac-
teristic impedance of 50 Q. The center conductor of the res-
onator is 41 um away from that of the IO line, which yields
a coupling coefficient of about 5 x 10*. For qubits, a tradi-

12-14] js-adopted, in which each Ta pad

tional transmon design!
is 680 wmx 150 wm with rounded corners. Such a dumbbell-
type capacitor structure has a smaller substrate-metal partici-
pation ratio compared to that of the interdigital geometry.3?]
The Josephson junction of 170 nm x 170 nm is Manhattan-
type, which has a higher yield rate compared to that with
Dolan bridges, because the area of the junction does not de-
pend on the evaporation angles and the bridgeless structure

will-not collapse during the ion milling.
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The transmission characteristics of the resonators are
shown in the insets of Fig. 2(a) and Fig. 2(b). From these,
the internal quality factor Q; can be deduced by fitting the ex-
perimental data with the DCM model.[>*34! The loss sources
in the resonator vary with the temperature and photon num-
bers. Thus Q; depends on the temperature and input power,
which is well described by a model containing three sources
of loss: two-level systems (TLS), nonequilibrium quasipar-
ticles (QP), and a power- and temperature-independent loss

(2425351 represented by Srs, Ogp, and oher. How-

channel
ever, in our experiment, due to the low and constant tempera-

ture during the variation of the input microwave photons, the

loss caused by the quasiparticles becomes negligible.[23-36-37]
We fit the data with the following model
6i = 6TLS + 60{1’181'7 (1)
where Otps can be rewritten as
F or
SrLs = % @)
1+(8)

where 7 is the average number of photons in the resonator
and C is the characteristic photon number when TLS is sat-
urated. At the low temperature and with the low input mi-
crowave power, the internal loss approaches F&rrs o, which
is mainly limited by the unsaturated TLS. As the number of
input microwave photons increases, Q; increases as expected,
as shown in the results of the first measurement in Fig. 2(a)
and Fig. 2(b). Table 1 lists the fitting parameters using Eq. (1).
Detailed sample fabrication processes, in which losses may be
introduced, are given and analyzed in supplementary informa-
tion.
Table 1. Fitting parameters of two resonators used in Eq. (1). R1 and

R2 represent two resonators, respectively. The errors indicate the standard
deviation of the parameter estimation.

Resonator f, (GHz) Friso (1079 € (10°) B Sotter (10°6)
R1 7.5393 2.627+0.16 2.8954+0.80 0.5+0.06 1.76+0.10
R2 7.6612 2.4340.26 2.36£1.19 0.374+0.06 1.69+0.15

10° 10° 107
(n)

Second

Fig. 2. Characterizations of two resonators. Panels (a) and (b) show the dependence of Q; on the input photon numbers of R1 and R2,
respectively. The upper insets give the typical measured transmission characteristics around the resonant frequencies of resonators below
20 mK, from which Q; can be deduced by fitting. The bottom insets in panels (a) and (b) show the experimental and fitting data with the
maximum input photon numbers in the first measurement of R1 and the second measurement of R2, respectively. Dots (lines) represent the
experimental (fitting) results. The green (orange) dots/lines represent the experimental/fitting data in the first (second) measurement.
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2.3. Qubit performance

We characterize two transmons 3! with the same structure
but different resonant frequencies of the readout resonator. Ta-
ble 2 gives the parameters of the two transmons. f; and fj; are
the resonant frequency of the readout resonator and the tran-
sition frequency between the ground and first excited states
of the transmon, respectively. fo, is the qubit’s two-photon
transition frequency between the ground and second excited
states. Ec and Ej denote the charge and Josephson energies
of the transmon, respectively. ¥ is the dispersive shift. 77 and
T, are the energy relaxation time and the spin-echo dephasing
time, respectively. We use the pump-and-probe technique!”-!!]
to measure 77, as shown typically in the left insets of Figs. 3(a)
and 3(c), with the exponential fitting. Long-term monitor-
ing of T7 is performed (Figs. 3(a) and 3(c)), and the cor-
responding statistics are analyzed to obtain distributions,
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Fig. 3. Long term monitoring of 77 and 7; for the two transmon qubits. Pan-
els (a) and (b) are the long-time monitoring of 77 and 75 in QI, respectively.
Panels (c) and (d) are the long-time monitoring of 77 and 7> in Q2, respec-
tively. The first (second) measured data are represented by the green (yellow)
symbols. In each panel, the left inset shows the typical behavior of 77 or
T (dots) with the exponential fitting (line). The right inset displays the cor-
responding histogram with the Gaussian fitting (line). Note that due to the
different readout frequencies of the resonators in two measurements, 77 and
T, may increase or decrease exponentially.

which are well fitted by Gaussian functions. The mean value
Ty of Q1 (Q2) is about 109 us (95 us) with the standard devi-
ation of 17.64 us (6.82 ps). Simultaneously, 7 of each trans-
mon is measured using a spin-echo sequence and fitted with
an exponential function, as shown typically in the left insets of
Figs. 3(b) and 3(d). Long-term monitoring of 75 is also con-
ducted, and the statistical distributions follow Gaussian forms
as expected. The mean value 7> of Q1 (Q2) is about 22.07 us
(22.32 ps) with the standard deviation of 4 us (5.21 us).

Table 2. Parameters of two transmons. Q1 and Q2 represent two transmon
qubits, respectively. f; is the frequency of resonator at which the qubit is
read out. fp; is the qubit’s transition frequency between the ground and first
excited states. fop is the qubit’s two-photon transition frequency between
the ground and second excited states. Ej and Ec are the qubit’s Joseph-
son and charge energies; respectively. y is the dispersive shift. 77 (7}) and
T (T;) denote the mean value of the qubit’s energy relaxation time and the
spin-echo dephasing time in the first (second) measurement, respectively. o}
(01) and 0, (03) denote the variance of 7} (T]) and 7> (73) in first (second)
measurement, respectively.

Parameter Transmon Q1 Transmon Q2

f: (GHz) 6.196 6.299

Jfo1 (GHz) 3.389 3.280
Jo2/2 (GHz) 3.2425 3.1347
E5/h (GHz) 6.92075 6.5533
Ec/h (GHz) 0.2405 0.2392

x (MHz) 0.06 0.035
T+ o1 (us) 109+17.64 95+6.82
T/ £ 0] (us) 123.68+6.17 111+4.97
T, 05 (ps) 22.07+4 22.3245.21
?z’i G5 (us) 159.64+12.12 165.49+24

10 15 20
t (pus)

o b

Amp

2]
t (us)
Fig. 4. (a) and (b) The measured Ramsey fringes of two transmon qubits
(red dots) fitted by the beating functions (green lines). The insets are the
spectra obtained with the Fourier analysis of the experimental data, in
which two obvious peaks are observed.

However, as shown in Figs. 4(a) and 4(b), the measured
Ramsey fringes present quantum beating, which is distinct
from the typical exponentially decaying cosine behavior. Two
frequencies are clearly obtained through the Fourier analysis,
as shown in the insets. This phenomenon is more pronounced
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at higher energy levels, 38411

which may provide a new plat-
form for studying the properties of low-frequency noise in
qubits based on the buffered films. A more detailed discussion
about the quantum beating and its effect on the qubit decoher-

ence is given in supplementary information.

2.4. Re-measurement after one year

We measured the sample after one year (referred to as
the second measurement) and observed an improvement in the
performance of the qubits, especially in 7>, as shown in Fig. 3.
T, of Q1 (Q2) is about 159.64 ps (165.49 us) with a stan-
dard deviation of 12.12 ps (24 us), which is much higher than
that in the first measurement. The mixing chamber tempera-
tures are the same, both about 15 mK, during the two measure-
ments. One possible reason for the improvement is that the ef-
fective temperature of the sample in the second measurement
is somewhat lower than that in the first one, due to the fact
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that the temperature does not significantly affect the energy
relaxation time but has a notable impact on the spin-echo de-
phasing time.*?! To verify this, we measured the dependence
of T and T, on the temperature, as shown in Figs. 5(a) and
5(b), in which 7, decreases more dramatically than 77 does.
Note that in the second measurement, Q; is lower than that in
the first one, as shown in Figs. 2(a) and 2(b). The qubit per-
formance improves despite the reduction of the resonator’s,
which suggests that the primary factor limiting the decoher-
ence of our sample is not the dielectric loss associated with the
resonator. On the other hand, if the low-power quality factor
of the resonator affects the coherence time of the qubit greatly,
this means that if we increase the quality of the resonator by
optimizing the design and fabrication parameters, then we are
promisingly expected to have a longer coherence time of the
qubit. The effect of the resonator on the coherence time of the
qubit is described in detail in supplementary information.

(b) 200 o
° Q2
150+ @ 1
@
= 100} (!
o
50+ 1
[ ]
0 A T ° ® e -
0 50 100 150 200
X T (mK)
d x10
( )2.8 » x10*

2.6
2.4

2.2 °
- 0 02 04 06 08 1
S0 o ,
1.8 14mK «80mK - 140 mK
40mK - 100mK - 160 mK
1.6 . 60 mK - 120mK - 180 mK
—
1.4
10' 10° 10° 10’ 10’

(n)

Fig. 5. Panels (a) and (b) are the energy relaxation time 77 and spin-echo dephasing time 75 of the two transmon qubits at different temperatures, respectively.
Panels (c) and (d) are the variation of Q; of the two resonators with different input microwave photons at different temperatures. The insets give the dependence
of Q; on the temperature at low power. The dots and solid lines denote the experimental data and the fitting results, respectively.

Another interesting phenomenon, as shown in Figs. 2(a)
and 2(b), is the appearance of an “inflection point” in the de-
pendence of Q; on the input photon numbers, which does not
occur in the first measurement. To confirm that the input mi-
crowave power is not high enough to make the resonators bi-
furcate, as examples, the bottom insets in panels (a) and (b)
show the experimental and fitting data with the maximum in-
put photon numbers in the first measurement of R1 and the
second measurement of R2, respectively. Both of them have
not deviated from a circular shape. We measure the depen-
dence of Q; on the input photon numbers at varied temper-
atures. The “inflection point” remains almost unchanged, as
shown in Figs. 5(c) and 5(d). It is noted that although both
Ty and T, decrease to less than 10 us within the temperature
range of our measurements, the “inflection point” in the res-

onator remains, indicating that the observed effect is not due to
the possible temperature difference in the two measurements,
but rather to the changes of TLSs of the buffered films. Based
on this observation, we divide the resonator losses into those
of two layers, which can be fitted as a function of the aver-
age number of photons in the resonator using the following
expression:

5= i Foris 04
1+(c,)

+ 50ther ’

B ©)

=1

where [ denotes the number of films and N = 2 in our experi-
ment. We fit the resonator data using Eq. (3), as shown above,
and the results for each dataset are presented in Tables 3 and
4.
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Table 3. Fitting parameters of R1 used in Eq. (3) at different temperatures. The errors indicate the standard deviation of the parameter estimation.

T (mK) F&ris,1 (1075) C1 (10%) B Férsop (1077) G (10%) B2 Sother (1076)
14 2.79+0.08 2.164+0.45 0.51£0.03 12.67+1.23 3.75+0.23 3.28+0.56 5.51£0.11
40 2.60+0.18 0.55+£0.33 0.3240.03 8.931+0.93 4.814+0.23 5.56+1.29 5.784+0.08
60 2.37+0.07 3.72+0.82 0.4240.02 8.844+0.70 4.7240.18 5.46+0.97 5.86+0.06
80 2.4240.06 3.13+0.65 0.404+0.02 8.73+0.57 4.631+0.15 5.62+0.86 5.82+0.05
100 2.3840.05 4.8940.75 0.4240.02 8.75+0.44 4.374+0.12 5.554+0.68 5.78+0.04
120 2.1940.08 7.9542.01 0.454+0.04 9.39+1.17 5.014+0.28 4.98+1.21 5.72+0.10
140 2.03+0.06 9.174+1.71 0.454+0.03 9.30+0.69 4.77+0.17 5.0440.78 5.69+0.06
160 2.08+0.06 10.37+2.23 0.484+0.03 9.16+0.95 5.114+0.23 5.28+1.12 5.70+£0.08
180 2.47+0.11 1.50£0.52 0.3440.02 8.64+0.70 4.91£0.18 5.53+0.99 5.5740.06

Table 4. Fitting parameters of R2 used in Eq. (3) at different temperatures. The errors indicate the standard deviation of the parameter estimation.

T (mK) Fér1s0,1 (1075) G (10%) B Fdrisp2 (1077) G, (10%) B Sother (107)
14 3.3240.07 1.034+0.17 0.484+0.02 5.49+0.59 5.26+0.28 5.47+1.38 3.43+0.05
40 2.60+0.04 4.08+0.50 0.454+0.01 5.73+0.78 7.184+0.36 5.58+1.26 3.50+0.07
60 2.9240.11 6.174+1.81 0.574+0.05 6.85+5.65 7.96+2.74 4.444+4.19 3.40+0.55
80 2.91+0.08 4.79+1.11 0.47+0.03 5.58+1.75 7.20+0.81 5.68+3.01 3.46+0.16
100 2.75+0.09 7.944+1.93 0.464+0.03 5.09+1.41 6.931+0.70 6.25+3.43 3.43+0.13
120 2.69+0.05 12.93+1.77 0.5240.02 5.16+£1.72 8.28+0.87 6.23+3.03 3.46+0.16
140 2.67+0.07 8.42+1.60 0.4740.02 5.30+1.26 7.04+0.60 5.9242.56 3.42+0.12
160 2.36+0.05 10.85+1.67 0.464+0.02 5.56+1.28 7.56+0.62 5.51+1.92 3.38+0.12
180 2.3940.05 7.99+1.16 0.454+0.02 5.2340.84 7.24+0.41 6.02+1.73 3.36+0.08
In addition, as shown in the insets of Figs. 5(c) and 5(d); F 8115 0 tanh ( 2%%)
we have also analyzed the performance of the resonators with + Gother- (6)

respect to the temperature in the second measurement. During
the measurement of the dependence of Q; on the temperature,
a power of about —124 dBm is applied. ‘Because Q; mainly
falls within the interval, one can ignore the behavior of Q; that
only exhibits at high power. At the same time, we-introduce
the quasiparticle loss due to the increase of temperature and
express the total loss as

0 = Z (8rLs.+ Sqp) + Sother “4)

=1
where 8qp,; denotes the quasiparticle loss of the /-th film layer
and can be parametrized by

SQPJ 2y QQP,OJ exp ( kBT> |:Slnh <2kBT) KO (2kBT ) :| ' (5)

Here Qqp o, represents the inverse linear absorption from

the quasiparticles. Ag is the superconducting gap (A¢ =
1.764kgT.). Ko is the zeroth order modified Bessel function
of the second kind.

What is more, the effect of quasiparticles on the buffered
resonators during the increase in temperature is consistent with
that of a resonator with a single-layer film. The coefficient
eo/kT of quasiparticle loss for the Nb film with 7, = 5.09 K
is approximately 40 times larger than that for the Ta film with
T. =2.97 K even at a temperature of 1 K. Therefore, the effect
of quasiparticles for the Nb film can be neglected. Thus, we
can fit the data with the following equation:

1 Ao . hfc hfc
Oqp,0 P <_kBT) {Smh <2kBT> Ko <2kBT>]

& =

\/1 +(A+DTFs)~! tanh (2}11<£T>

Because we have obtained FérLso and Sopmer by fitting
Q; as a function of photon numbers, there are only four free-
fitting parameters: i.e., A, D, B3, and Qqp. Table 5 lists the
fitting parameters. The fitting results are shown in the insets of
Figs. 5(c) and 5(d). Qj has different behaviors in three temper-
ature regimes. When the temperature is below about 180 mK,
Q; decreases slightly as the temperature increases due to the
decreasing coherence time of the TLS. When the temperature
is higher than about 600 mK, where the ratio of temperature
to T:. is much higher, the effect of quasiparticle loss causes Q;
to decrease exponentially with the temperature. From 180 mK
to 600 mK, Q; increases slightly with the temperature, con-
sistent with the gradual saturation of TLSs. These results are

consistent with those reported previously. >3]

Table 5. Fitting parameters of resonators used in Eq. (6) for different tem-
peratures at low input microwave power. The errors indicate the standard
deviation of the parameter estimation.

Resonator  f, (GHz) A D Bs Qqpro
R1 7.5393  1.024+0.85 -1.24+0.85 -0.43+0.21 205.31+11.92
R2 7.6612  3.214+6.01 -3.40+6.01 -0.35+0.45 204.88+10.73

To further analyze the “inflection point” quantitatively,
we fix Bi, Ci, FOriso,1, and Oomer, and vary Bo, Co, and
F 115,02 in Eq. (3). As shown in Fig. 6, > and F &1, 2 only
affect the shape of Q; with respect to the input photon num-
bers, while C, determines the position of the “inflection point”,
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where C; is equal to the input photon number as marked by
the pentagram in Fig. 6. Because C; is related to the coher-
ence time of TLSs in the film, the appearance of the “inflec-
tion point” suggests that the conditions of the TLSs may have
changed. Note that the difference between the two measure-

ments is not only the two layers but also the oxidation of the

surfaces and interfaces between the two layers. The change of
TLSs in one of the two layers is one possible reason. Further
investigation, such as more samples with different parameters
in the film deposition and more characterizing methods such as
TEM with EDS, is required to find out other possible reasons

which may result in the “inflection point”.

x10° %107
()28 ——5 =07 K =01 5 =00 (b) 3 ;
B=08 —fo=1 —Po=12 y
24l-B=14 —B=16 2.5 y, *—02:1 1
S B =18 S G0l — ol
ool 272 ol Ley=100  —Cy=108
— Cy=10° Cy =106
2 . L5L—7" " " G=107 —Cp=10 Caz10 |
100 10° 10° 10°
(n) (n)
(©) x10° . . . .

— For1502=1.00X1078 — Fyrpg0=1.29x10"7

Foris02=1.67X1078 — Foprs02=2.15X10"7

— For1s02=2.78X107% — Fppg00=3.59X10"7

— For1502=4.64X107% — Firpg0=5.99x10"7

— Fbp1,50,2 = T.74X1078 — Fopps = 1.00X10-6

2 4 6 8
%108

(n)

Fig. 6. The dependence of Q; on the input photon numbers is calculated with different (a) B, (b) C», and (c) Fdr1s,0,2. The pentagram in each

figure indicates the position where the photon number is equal to Cs.

3. Conclusion

In summary, we deposited the tantalum film with Nb as
the buffer layer on the sapphire substrate at room tempera-
ture. The observed performance demonstrates. the successful
achievement of o-Ta with high quality.  Although the inter-
nal quality factor of resonators based on this buffered super-
conducting film and the critical temperature of the films do
not reach the best levels reported in other studies, the super-
conducting transmon qubits based on the buffered film exhibit
excellent performance. With further optimization of the fab-
rication process and parameters (e.g., increasing the critical
temperature of the buffered films and designing qubits with
larger Ej/Ec ratios), we are optimistic that the performance
of these qubits can be further enhanced. These buffered films
hold significant promise for applications where high deposi-
tion temperatures are strictly prohibited. Measurement of the
sample a year apart reveals an “inflection point” in the inter-
nal quality factor of the resonator. This is possibly attributed
to the changes of TLSs in the two films, which offers insights
into the degradation mechanisms of these buffered films for
applications in quantum and/or classical devices.
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