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We fabricated TiN coplanar waveguides using standard lithography techniques followed by ICP etch. In order to
achieve high quality factor, we investigated the film growth by choosing different deposition conditions for various sub-
strates. Quality factors of waveguide resonators were measured at 20 mK in both high and low microwave power limits. An
inner quality factor of several million was achieved at high power limit for a predominantly (200)-oriented TiN film which
was grown on HF cleaned silicon wafer. A quality factor of larger than one million was achieved at high power limit for

TiN film grown on sapphire.
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1. Introduction

The recent progresses on superconducting quantum
computation suggest that superconducting quantum cir-
cuits are promising approaches to realize scalable quantum
computation.!'=! Currently, the most common circuitry de-
sign for manipulating and reading the superconducting qubits
is a circuit QED system, which consists of a supercon-
ducting qubit coupled with coplanar waveguides (CPW) or
3D cavities.[%) The coplanar waveguides are crucial parts
In addition, the
coplanar waveguides also serve as couplers to couple dif-

for qubit manipulation and measurement.

ferent qubits together.!!:!% Therefore, the property of copla-
nar waveguide has a great influence on the performance of
qubit. '] It is found that high quality factor, which means low
loss, is a preliminary for long resonant lifetimes and better re-
solved frequencies, leading to a longer qubit decoherence time
and higher signal-to-noise ratio for qubit measurement.!!?]
The essential issues that affect quality factor of CPW in-
clude the electric resistance, the quality of the film, the par-
ticipation ratio,!'3] and the substrate. Since superconducting
materials below the critical temperature exhibit zero electric
resistance, Al, Nb, and Re are widely used to fabricate high
quality factor CPW in superconducting quantum circuits. The
typical value of the quality factor of these CPW is about 10°—
10 in the high power regime. When the power decreases to
low power regime which corresponds to several photons level,
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their quality factor will decrease to about 10*~10°. The power
dependence of the quality factor comes from the two-level sys-
tems (TLSs) which result from the unsaturated bonds in the in-
terface between superconducting film and substrate as well as
the exposed surfaces of CPW.!!415] The energy dissipated by
TLSs are saturated at high power, while their effect increases
significantly at low power, resulting in a decrease of quality
factor. 110!

In order to further increase the quality factor of CPW,
people have tried to minimize the TLSs in the materials. It is
found that nitrides are very stable even against oxidation.[!?]
Superconducting coplanar waveguide based on nitrides has
shown very high quality factor in high power regime. Re-
cently, several groups have reported CPWs of high quality
factors made of TiN and NbTiN, respectively.!!”-8] However,
voltage bias and deep etching are used in these processes, in-
creasing the unwanted variation of the fabrication. Moreover,
the toxicity of HMDS the Delft group used to clean substrate
makes the process more dangerous. Here, we simplify the pro-
cedures by using standard lithography techniques followed by
ICP etch. We investigate the optimal deposition conditions for
TiN film. An inner quality factor of several million is achieved
at high power limit for a predominantly (200)-oriented TiN
film which is grown on HF cleaned silicon wafer. A qual-
ity factor of larger than one million is achieved for TiN film
grown on sapphire at high power limit. These figures of merit
are comparable to those reported in previous processes.
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2. Experiment

By using reactive DC sputtering system, we deposit TiN
films onto both high resistivity (> 10 kQ-cm) silicon (100)
substrates and sapphire (0001) substrates. All substrates are
prepared by rinsing sequentially in acetone, ethanol, and DI
water in an ultrasonic bath to remove any contaminant. Part
of silicon substrates are further cleaned in HF solution (1:10
HF:H,0) to remove any native oxide and also to terminate the
surface with hydrogen. Substrates are loaded into the sput-
ter chamber immediately after cleaning in case of secondary
pollution in ambient pressure. The base vacuum of the sput-
ter chamber is about 1 x 107> Pa. The argon and nitrogen
gas and titanium target are all of ultra-high purity (> 99.99%).
Different sputter parameters, i.e., with/without HF cleaning,
nitrogen gas flow (8, 6, 4, 2, in units of sccm), total gas pres-
sure (0.4, 0.6, 0.8, in unit of Pa), were tested to search a best
condition for the growth of TiN film. Input flow of argon
gas was fixed at 12 sccm. By using the deposition rate of
about 4 nm/min, we deposit 30 nm thickness TiN film on sil-
icon substrate and 50 nm thickness TiN film on sapphire sub-
strate. We observe the crystallization direction by the spec-
trum of XRD. Surface flatness was scanned by atomic force
microscope (AFM). RF coplanar waveguides were patterned
by standard lithography technique followed by ICP SFg etch.
For the waveguides, the width of the center strip and gap are
10 um and 6 um, respectively. For the feed line the width
of the center strip and gap are 15 um and 9 um, respectively.
This center to gap width ratio is designed for matching a 50 Q
impedance. Sample chips are stuck to a copper sample box by
GE vanish and wire-bonded to PCB board. The copper box
is cooled to 20 mK in a dilution refrigerator (Oxford DR200).
To protect the chip from the external noise, we add attenuators
in the input line on several cold plates (—6 dB on PT1 plate,
—10 dB on PT2 plate, —10 dB on Still plate, —20 dB on MC
plate) of the DR. Two circulators were connected to the output
port of the copper box to block back scattered signals. The
output signal was amplified by an HEMT at the 4 K stage of
the DR. Microwave transmission curve (S21) was measured by
a network analyzer.

3. Results and discussion

The quality of the film is one of the important issues to
the quality factor of CPW. At first, we investigate the influ-
ence of HF cleaning on the growth of TiN film. Two groups
of TiN films are sputter-deposited onto silicon substrate with
and without HF cleaning. The nitrogen gas flow was set at ei-
ther 6 or 8 sccm while the argon gas flow was always 12 sccm.
Total gas pressure is kept at 0.4 Pa and the substrates are pre-
heated to 500 °C before deposition. XRD results of these TiN
films are shown in Fig. 1. The sharp peaks around 33° come

from silicon substrate. Peaks around 42.5° are the characteris-
tic peak of (200)-TiN. No characteristic peak of (111)-TiN is
present, which means all the films are grown with only (200)-
TiN priority. It is found that HF cleaning will increase the
(200) peak. This suggests that HF etching has a positive ef-
fect on the growth of (200)-TiN film on silicon substrate. In
addition, SiN buffer has been reported to be important for the
growth of (200)-TiN. However, the silicon substrate without
HF cleaning is believed to have a native oxide layer on the
surface instead of SiN buffer which would form on bare and
pure silicon substrate during pre-deposition.!”] We have suc-
cessfully deposited (200)-TiN film on silicon substrate without
the presence of thin SiN buffer layer.

L 6 SC(IIm, HF cleaned (2(I)O)—TiN I
8 sccm, HF' cleaned

B 6 sccm, no HF' cleaning
8 sccm, no HF cleaning

Offset counts

30 35 40 45 50
20/(%)

Fig. 1. (color online) XRD results of TiN films grown on silicon sub-

strates with and without HF cleaning. Peaks around 42.5° are the char-

acteristic peak of (200)-TiN. Sharp peaks around 33° come from the

silicon substrate.
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Fig. 2. (color online) XRD results of TiN films grown with different
nitrogen gas flow.

Since we used reactive DC sputter method, the nitrogen
gas percentage may have an influence on the growth of TiN
films. We change the nitrogen gas flow (2, 4, 6, 8 sccm) while
keeping the argon gas flow at 12 sccm and total pressure at
0.4 Pa. All the silicon substrates are cleaned by HF solution
before being loaded to sputter chamber and are heated to 500
°C before deposition. From the XRD results, we can know
that all the four films exhibit (200)-TiN growth priority and
no (111)-TiN characteristic peak can be seen. From the height
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and FWHM of the peaks, we can consider nitrogen gas flow of
6 sccm as an optimum condition for (200)-TiN to grow.

We also investigate the effect of the total pressure on the
film. Shown in Fig. 3 is the XRD result of TiN films grown
in different total gas pressure. Substrates are chosen as silicon
wafers cleaned by HF solution. Nitrogen and argon gas flow
are kept at 8 and 12 sccm respectively. The substrates are all
preheated to 500 °C before deposition. We can see that the
TiN film grown in the lowest pressure 0.4 Pa has a significant
(200)-TiN peak, while the other two films only have vague
peak shape.

Besides investigating the crystallization of TiN films, we
also measure the flatness of the film surface. AFM scans of
TiN films grown in different nitrogen gas flow are shown in
Fig. 4. All the films are deposited at the same conditions as
samples in Fig. 2. We can see that with the decreasing of ni-

trogen gas flow, the film is becoming much more flat. A flat

surface may reduce the surface participation which would ben-

efit the coherence time. 3!
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Fig. 3. (color online) XRD result of TiN films grown in different total
gas pressures.
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Fig. 4. (color online) AFM image of TiN films on silicon substrate.

To summarize the optimum TiN film growth condition,
we find that HF cleaning has a positive effect on the growth
of (200)-TiN film on silicon substrate. The high nitrogen to
argon ratio limit might not be the best choice. A lower total
pressure and medium nitrogen gas percentage can result in a
good TiN film with only (200) orientation.

B —— TiN-sapphire |

Counts
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20/(%)

Fig. 5. XRD result of TiN film grown on sapphire. (111)-TiN peak at
26 around 37.5° and (200)-TiN peak at 26 around 43° are both present.

It is find that the quality factor of the CPW relies on the
loss of the substrate. In order to decrease the loss of CPW, peo-
ple have broadly used sapphire instead of silicon as substrates

(20211 We use sapphire

in superconducting quantum circuits.
substrate for comparison. Similar to that of the silicon sub-
strate, we sputter the TiN film on a sapphire at 500 °C, 0.4 Pa
total pressure, 6 sccm nitrogen flow, and 12 sccm argon flow.
The XRD spectrum of TiN film on sapphire is shown in Fig. 5.
The peak around 37.5° is the characteristic peak of (111)-TiN,
while the peak around 43° is of (200)-TiN. Different from the
film on silicon substrate, TiN film on sapphire exhibits two
crystallization directions.

Using standard lithography technique followed by ICP
SFe etch, we pattern CPWs on as-grown TiN films on sili-
con and sapphire substrates. CPWs are constituted by quarter-
wavelength waveguides coupled to a common feed line. Mi-
crowave transmission curves are measured at 20 mK with net-
work analyzer. Resonant peaks are fitted by the following
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formula: 18]

1— 010 'ei®
1+2i0 0

f=F
+a 7

where A is the transmission away from the resonance. « al-

S =A(1 ) ey

lows a linear variation in the overall transmission chain in the
narrow frequency range around any given resonance peak. f;
is the resonance frequency. Qj is the loaded quality factor
of the resonator, which determines the inner quality factor Q;
with Q. via QLI = QLI - é Qe = |Qc|e'? is a complex-valued
quality factor related to Q. via & = Re(é). The imaginary
part of é gives rise to an asymmetry in the resonance peak
line shape.

—20 T T T T
(a) —— TiN on silicon

521/dbm

5.20 5.30 5.40 5.50

Frequency/GHz

—15

—25

Sgl/dbm

—35 . data
— fit

—45

—-0.6 —0.2 0.2 0.6

Reduced frequency/10~4

Fig. 6. (color online) (a) Full transmission curve of waveguide res-
onators fabricated on TiN film which grown on silicon substrate. (b)

Zoomin of the resonant peak for the resonator located at 5.405 GHz
(blue dashed box).

106 | i

Qi

105 F i
4 TiN on sapphire

-50 —40 —-30 —-20 —-10 O
Power/dbm

Fig. 7. (color online) Inner quality factor (in logarithm to base 10) de-
pendence on input power of CPW fabricated on TiN film grown on sap-
phire. The solid line represents a smooth curve of Q;. Inner quality is
about 1.2x 10° in multi-photon limit while it is about 1.5x 103 in single-
photon limit.

A full transmission curve of waveguide resonators fabri-
cated on TiN film which grown on silicon substrate is shown
in Fig. 6(a). The growth conditions are 500 °C, 0.4 Pa to-
tal pressure, 6 sccm nitrogen flow, 12 sccm argon flow, and
the silicon substrate was cleaned by HF solution. Figure 6(b)
shows a curve fitting with R-square of 0.9998 of the resonant
peak at 5.405 GHz (dashed box). From the fitting data, we
obtain Q) of 9.213x 10*, Q. of 7.559x10%, and 6 of —0.6405,
which result in an inner Q; of 4.05x 10°.

Usually, the quality factor of CPW depends on the in-
put power. We measure the quality factor versus the input
power of one TiN waveguide resonator in Fig. 7. The sub-
strate is sapphire. We obtain quality factor of about 1.2x 10° in
multi-photon limit and about 1.5x 10 in single-photon limit.
Although, TiN film on sapphire exhibits a high quality fac-
tor enough for sustaining a long coherence lifetime for qubits.
Compare TiN film grown on sapphire with that grown on sili-
con substrate, the later one can exhibit a higher quality factor.
This agrees with the loss analysis that (200)-TiN has a lower
rf loss than (111)-TiN.

4. Conclusion

In conclusion, we have investigated TiN films grown in
different conditions, i.e., with/without HF cleaning, nitrogen
to argon gas flow ratio, total pressure, silicon/sapphire sub-
strate. XRD and AFM are utilized to characterize the crystal-
lization and surface topography respectively. Generally, (200)-
TiN has been successfully obtained on silicon substrate both
with and without HF cleaning. They have shown a high quality
factor at multi-photon level. TiN film on sapphire is a mixture
of (111)-TiN and (200)-TiN. However, it still shows a low loss
at both multi and single photon limit. These high quality factor
CPWs are promising for sustaining a long coherence life time
of quantum states.
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